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Samenvatting
In 1988 zag de Oostenrijkse botanist Friedrich Reinitzer dat de stof die hij aan
het onderzoeken was zich vreemd gedroeg als men met de temperatuur speelt:
cholesteryl benzoaat bleek een een tussenliggende fase tussen de isotrope fase
en de vaste kristalfase te hebben. Na het nodige onderzoek door Reinitzer en
zijn collega’s kreeg deze tussenliggende fase de naam ‘vloeibaar kristal’. Deze
vloeibare kristallen ontketenden een koortsachtige reeks onderzoeksactivitei-
ten, gedreven door hun rol bij het maken van elektronische beeldschermen
(LCD, Liquid Crystal Display). Ondertussen zijn vloeibare kristallen ook eco-
nomisch zeer belangrijk geworden: na meer dan een eeuw onderzoek is deze
industrie meer dan 100 miljard US dollar waard. Vloeibare kristallen vind je
tegenwoordig overal: denk maar aan televisies, beeldschermen voor mobiele
telefoons, polshorloges en dergelijke meer.
De eerste commercieel beschikbare LCD-beeldschermen gebruikten vloei-
baar kristal in de gedraaide nematische (TN, Twisted Nematic) modus. Beeld-
schermen met vloeibaar kristal in deze modus hebben als belangrijkste ken-
merken dat deze zeer helder zijn en voldoende snel kunnen schakelen. Een
niet te onderschatten nadeel van deze beeldschermen is echter de verminderde
beeldkwaliteit wanneer de gebruiker niet loodrecht naar het scherm kijkt. De
oorzaak van deze degradatie is de hoek-afhankelijkheid van de dubbelbreking
van de vloeibare kristallaag. Diverse nieuwe modi voor vloeibare kristallen
werden onderzocht zoals het multi-domein TN vloeibaar kristal, het opper-
vlaktegestabiliseerd ferroelektrisch vloeibaar kristal, het antiferroelektrisch
vloeibaar kristal, optisch gecompenseerde dubbelbreking en zomeer. Alhoewel
deze modi geen problemen hebben met een beperkte kijkhoek vertonen ze
allemaal hun eigen gebreken en zijn ze er niet in geslaagd om commerciële
successen te boeken.
Hetwas de in-het-vlak-schakelende (IPS, In-plane Switching)modus, waarin
positieve diëlektrische anisotrope molecules schakelen in het vlak evenwijdig
aan het substraat, die uiteindelijk de problemen met de beperkte kijkhoek
achter zich kon laten. De franjeveld-schakelende modus is een andere geavan-
ceerde modus die eveneens het probleem van de kijkhoek oplost. Daarnaast
verbetert deze modus ook de doorlaat-eigenschappen van het vloeibaar kristal,
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wat een beperking was voor de in-het-vlak schakelende modus.
De verticaal-uitgelijnde vloeibaar kristalmodus gebruikt negatieve diëlek-
trische anisotropische vloeibare kristallen die loodrecht uitgelijnd staan op
het substraat. Deze modus heeft inherent een grote afhankelijkheid van de
kijkhoek, maar met de multi-domein en gepatroneerde varianten lukt het toch
om een grote kijkhoek te behalen.
De vloeibare kristalmodi die eerder besproken werden hebben last van
slechte prestaties bij bewegende beelden, voornamelijk door de langzame mo-
leculaire beweging van de vloeibaar kristalmolecules. Dit probleem werd
aangepakt door het ontwikkelen van gesoﬁsticeerde aansturingsmethodes en
door de ontwikkeling van betere vloeibaar kristalmolecules met lage viscositeit.
Iedere vooruitgang in de vloeibare kristalindustrie wordt ondersteund door de
technologische groei, de synthese van nieuwe vloeibare kristalmaterialen en
verbeterd ontwerp. In dit kader zijn de polymeergestabiliseerde ‘blue phase’
vloeibare kristallen naar voor gekomen als een uitstekend kandidaat-materiaal
voor de vloeibaar kristal beeldschermen van de toekomst. Polymeergestabili-
seerde vloeibare kristallen kunnen schakelen in minder dan een milliseconde,
hebben geen aligneringslagen nodig en hebben een grote tolerantie voor on-
regelmatige celafstanden. Dit vereenvoudigt het productieproces voor het
beeldscherm en laat toe om de kostprijs te drukken.
Het is interessant om op te merken dat deze meest recente vooruitgang op
het gebied van de ‘blue phase’ vloeibare kristallen het verhaal terugbrengt naar
1888, wanneer Renitzer voor het eerst beschreef dat hij deze soort vloeibare kris-
tallen had waargenomen. De ‘blue phase’ chirale vloeibare kristallen bestaan
in een zeer beperkt temperatuurbereik van een paar graden Celsius tussen de
isotrope en de cholesterische fase. Deze inherente beperking tot een klein tem-
peratuurbereik heeft niet alleen het bestuderen van de ‘blue phase’ bemoeilijkt,
maar heeft eveneens verhinderd dat deze gebruikt werden in elektro-optische
toepassingen. In 2002 hebben Kikuchi et al. succesvol aangetoond dat het
mogelijk is om het temperatuurbereik te vergroten door polymeerstabilisatie.
In 2008 heeft Samsung Electronics het eerste prototype gepresenteerd van
een beeldscherm dat gebruik maakt van polymeergestabiliseerde ‘blue phase’
vloeibare kristallen.
Naarmate de beeldschermindustrie volwassen werd hebben de conventi-
onele vloeibare kristallen toepassingen gevonden in een brede waaier van
diverse domeinen zoals afstembare lasers, spatiale lichtmodulatoren, schakel-
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bare vensters, afstembare optische ﬁlters en biosensoren, om er maar een paar
te noemen. De ‘blue phase’ is hierin geen uitzondering. De hier voorgestelde
studie rond polymeergestabiliseerde ‘blue phase’ vloeibare kristallen moet in
deze context gezien worden. Deze thesis is het resultaat van gecoördineerde
inspanningen om fundamentele eigenschappen te begrijpen, om reeds lang
bestaande problemen aan te pakken en om nieuwe methodes te ontdekken om
de elektro-optische eigenschappen van de polymeergestabiliseerde ‘blue phase’
vloeibare kristallen te verbeteren.
Zoals hierboven reeds vermeld laat polymeerstabilisatie toe om het tempe-
ratuurbereik van de ‘blue phase’ uit te breiden van een paar graden Celsius tot
tientallen graden Celsius. We hebben evenwel al snel ontdekt dat de polymeer-
gestabiliseerde proefstukken enkele ongewenste kenmerken ontwikkelen die
het licht sterk verstrooien en een ernstige bedreiging vormen voor de stabiliteit
van polymeergestabiliseerde ‘blue phase’ op lange termijn.
Demogelijke oorzaken werden grondig onderzocht, en het werd aangetoond
dat de kristallisatie van de chirale dopant verantwoordelijkwas voor de defecten.
Chirale dopanten zijn optisch actieve componenten die een twist induceren
in nematische vloeibare kristallen. De eﬀectiviteit van deze chirale dopanten
om twist te induceren is gekarakteriseerd door de helical twisting power value.
We losten het probleem op door de chirale dopant met een relatief lage helical
twisting power te vervangen door een chirale dopant met een drie keer hogere
helical twisting power. Hierdoor verkregen we polymeergestabiliseerde ‘blue
phase’ die echt stabiel was en vrij van defecten gedurende een zeer lange tijd.
Nadat het probleem van de langetermijnstabiliteit van de baan was hebben
we de invloed van de aligneringslagen op de ‘blue phase’ nader bestudeerd. Om
het eﬀect van de aligneringslagen te begrijpen hebben we het verloop van de
Bragg reﬂecties van ‘blue phase’ over temperatuur, zowel tijdens het opwarmen
als tijdens het afkoelen, bestudeerd in cellen met en zonder aligneringslagen.
We ontdekten dat de aligneringslagen een diepgaande selectieve invloed heb-
ben op een van de beide kubische ‘blue phases’. In BPII verschoof de piek voor
de Bragg reﬂectie van 338 nm naar 486 nm door de invloed van de alignering-
slagen, terwijl in BPI er geen spoor was van een dergelijke verschuiving. Deze
studie beantwoordt hoe de aligneringslagen de ‘blue phases’ beïnvloeden, maar
laat de vraag naar ‘waarom’ open. Voorafgaand onderzoek naar de mogelijke
richtingen voor verder onderzoek wordt eveneens besproken.
Tot slot pakken we het probleem aan van de beperkte haalbare wijziging
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in brekingsindex in polymeergestabiliseerde ‘blue phase’ vloeibare kristallen.
Macroscopisch gezien is polymeergestabiliseerde ‘blue phase’ isotroop. BPI
en BPII hebben respectievelijk kubisch ruimtelijk gecentreerde en primitief
kubische structuren, waardoor de laagst aanwezige niet-lineariteit van de derde
orde is (Kerr eﬀect). Hierdoor wordt anisotropie geïnduceerd door het extern
aangelegde elektrisch veld, waardoor de optische as in de richting van het veld
ligt. In de modus met een geschakeld verticaal veld, waarin het licht zich voort-
plant loodrecht op de cel met vloeibaar kristal (om het gedrag onafhankelijk
te maken van de polarisatie van het licht) is de verandering van de brekings-
index beperkt tot een derde van de dubbelbreking geïnduceerd door het Kerr
eﬀect. In de meeste vloeibare kristallen blijkt hierdoor de verandering in bre-
kingsindex beperkt te zijn tot < 0.01. Voor diverse toepassingen buiten het
domein van de beeldschermen is deze verandering in brekingsindex niet vol-
doende. We hebben een manier om een verhoogde wijziging in brekingsindex
te bekomen voorgesteld en experimenteel aangetoond door het aanmaken van
‘blue phase’ met een exotische klasse van vloeibare kristallen, zijnde dubbele
frequentie vloeibare kristallen. Dubbele frequentie vloeibare kristallen tonen
een positieve dielektrische anisotropie voor frequenties lager dan een kritische
frequentie en een negatieve dielektrische anisotropie voor frequenties hoger
dan deze frequentie. De conventionele methode voor het aanmaken van ‘blue
phase’ mislukte voor de dubbele frequentie vloeibare kristallen, waardoor het
nodig was om een techniekmet eenmal te ontwikkelen. In deze techniek wordt
het polymeernetwerk van een polymeergestabiliseerde ‘blue phase’ gebruikt
als een mal, die de vloeibare kristallen in de ‘blue phase’ dwingt. Deze strategie
bleek zijn vruchten af te werpen en de ‘blue phase’ van de dubbele frequen-
tie vloeibare kristallen bleek bij het karakteriseren de theoretisch verwachte
verandering in brekingsindex te vertonen.
De hierboven beschreven technologieën leggen de basis voor een toekomst
waarin we allerlei intelligente elektro-optische componenten gebaseerd op
polymeergestabiliseerde ‘blue phase’ vloeibare kristallen buiten het domein
van de beeldschermen kunnen realiseren.
Summary
The journey that began with the observation of peculiar melting behaviour of
cholesteryl benzoate by the Austrian botanist Friedrich Reinitzer in the year
1988, has come a long way. This intermediate state that exists between isotropic
state and solid crystalline state in certain compounds was called Liquid Crystals.
The possibility of using liquid crystals in realizing electronic displays, started a
frenzy of hectic research activities. The liquid crystal display industry today
is worth more than 100 billion US dollars and is the culmination of research
which started more than a century ago. Liquid crystal displays have become
virtually ubiquitous and have penetrated every aspect of modern human life
viz. televisions, mobile phone displays, wrist watches et cetera.
The ﬁrst mode of liquid crystal display to be commercialized was the twisted
nematic mode. This widely used mode oﬀered good brightness and acceptable
switching times. However it suﬀered from a serious weakness which was the
degradation of image quality for oﬀ-axis viewing angels. The cause of this
degradation is the angle dependence of birefringence of the liquid crystal
layer. Several new modes were explored viz. multi-domains twisted nematic,
surface stabilized ferroelectric liquid crystal, antiferroelectric liquid crystal,
optically compensated birefringence et cetera. Although these modes didn’t
suﬀer from narrow viewing angle problem, but each of these modes had their
own shortcomings and could not succeed commercially.
It was the in-plane switching mode, in which positive dielectric anisotropic
molecules switch in plane parallel to substrate, which successfully solved the
issue of narrow viewing angels. Fringe ﬁeld switching mode is yet another
advanced mode which solves the viewing angle problem and also enhances
the transmission of the liquid crystal cell, which was a limitation in in-plane
switching mode. The vertically aligned liquid crystal mode uses negative
dielectric anisotropy liquid crystals aligned normal to the substrate. Inherently
this mode has large viewing angle dependence, but its multi-domain and
patterned counterparts have wide viewing angles.
The above discussed liquid crystal display modes suﬀered from poormoving
image performance, primarily due to slow molecular motion of liquid crystal
molecules. This problem has been attacked by developing sophisticated driving
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schemes and by the development of better liquid crystal molecules with low
viscosity. Every advancement in the liquid crystal display industry is backed
by the technological growth, synthesis of new liquid crystal materials and im-
proved designs. It is in this framework, the polymer stabilized blue phase liquid
crystals have emerged as a prominent candidate material for the future liquid
crystal displays. Polymer stabilized liquid crystal mode oﬀers sub-millisecond
switching times, does not require alignment layers and is forgiving to cell gap
inhomogeneities, which simpliﬁes the display production process and hence
saves money.
It is interesting to note that the latest advancement in the form of blue phase
liquid crystals, takes the story back to 1888 when Reinitzer described having
observed blue phases for the ﬁrst time. Blue phase of chiral liquid crystals exists
in a very narrow temperature range of few degree Celsius between isotropic
and cholesteric phases. This fundamental limitation of narrow temperature
range has not only hampered the study of blue phases but also precluded their
usage in any electro-optical devices. In 2002 Kikuchi et al. demonstrated
successful enlargement of the temperature range by polymer stabilization and
in 2008 Samsung Electronics exhibited the ﬁrst prototype of a display based
on polymer stabilized blue phase liquid crystals.
As the display industry matured, conventional liquid crystals have found
application in a wide gamut of versatile domains such as tunable lasers, spatial
light modulators, switchable windows, tunable optical ﬁlters and biosensors to
name a few. Blue phases are no exceptions. It is in this context presented study
of polymer stabilized blue phase liquid crystals is undertaken. This dissertation
is the result of concerted eﬀorts to understand fundamental properties, tackle
long standing problems and discovering means of enhancing electro-optical
characteristics of the polymer stabilized blue phase liquid crystals.
As mentioned above, the polymer stabilization technique broadens the tem-
perature range of blue phases from a few degree Celsius to tens of degree
Celsius. However we found early on, that these polymer stabilized samples
develop some undesired features which are highly scattering and pose a se-
rious threat to the long term stability of polymer stabilized blue phases. A
thorough investigation was carried out evaluating various possible causes and
it was established that crystallization of chiral dopant was responsible for these
defects. Chiral dopants are optically active compounds which induce twist in
nematic liquid crystals. The eﬀectiveness of chiral dopants in inducing twist
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is characterize by its helical twisting power value. We solved the problem by
replacing the relatively low helical twisting power chiral dopant with a chiral
dopant with three times as high helical twisting power. Doing so resulted in
polymer stabilized blue phase which were stable in true sense and remain free
from defects for a very long time.
With the problemof long term stability out of theway, we further investigated
the inﬂuence of alignment layers on blue phase. In order to understand the
eﬀects of alignment layers, we monitored the evolution of Bragg reﬂection
of blue phases with temperature, both in heating and cooling cycles, in cells
with and without alignment layers. We found that alignment layers have
profound selective inﬂuence on one of the two cubic blue phases. In BPII
the Bragg reﬂection peak shifted from 338 𝑛𝑚 to 486 𝑛𝑚 under the inﬂuence
of alignment layers, whereas no such variation was found to occur in BPI.
This study answers how alignment layers aﬀect the cubic phases but leaves the
question ‘why’ unanswered. Preliminary investigation of possible directions of
further investigation are also presented.
Finally we tackled the problem of limited achievable refractive index change
in polymer stabilized blue phase liquid crystals. Polymer stabilized blue phase
is macroscopically isotropic. BPI and BPII have body centered cubic and
simple cubic structures respectively, because of which the lowest order of
non-linearity present is third order (Kerr eﬀect). Hence, anisotropy is induced
by the externally applied electric ﬁeld such that the optic axis lies along the
direction of ﬁeld. In the vertical ﬁeld switchingmode, in which for polarization
independent operation of a given device light propagates normal to the liquid
crystal cell, the refractive index change obtained is limited to one third of the
birefringence induced byKerr eﬀect, which turns out to be< 0.01 inmost liquid
crystals. For various non-display applications this refractive index change is not
suﬃcient. We proposed and experimentally demonstrated enhanced refractive
index change, by preparing blue phase with an exotic class of liquid crystals
called the dual frequency liquid crystals. Dual frequency liquid crystals exhibit
positive dielectric anisotropy for frequencies lower than a critical frequency
and negative dielectric anisotropy for frequencies above the said frequency.
The conventional method of preparation of blue phase failed for dual frequency
liquid crystals which necessitated the development of a templating technique.
In this technique the polymer network of the polymer stabilized blue phase is
used as a template, which forces liquid crystals inﬁltrating it to blue phase. This
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strategy proved fruitful and the blue phase of dual frequency liquid crystals
when characterized for refractive index change exhibited theoretically expected
behaviour.
Above described technologies lay down the fundamentals utilizing which
several non-display smart electro-optic components based on polymer stabi-
lized blue phase liquid crystals can be realized in future.
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General Introduction
All science is either physics or stamp collecting.
Ernest Rutherford
OUTLINE OF THIS CHAPTER
This chapter puts the research work presented in this dissertation in
context. It concludes by drawing an outline of diﬀerent chapters.
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1.1 Introduction
This dissertation is about the development of fundamental technologies which
will pave the way for the development of smart electro-optical devices us-
ing polymer stabilized blue phase liquid crystals. Polymer stabilized blue
phase liquid crystals have emerged as a strong contender for the future liq-
uid crystal displays. Their superior switching speeds, ease of fabrication and
non-requirement of alignment layers are the key attractions fueling research
in this ﬁeld. These application of blue phases are not limited to displays only,
as various non-display components have been demonstrated. Since polymer
stabilized blue phases are less than a decade and a half old, they are yet to reach
their full potential. It is in this context the presented research endeavour was
undertaken.
1.2 Outline
Chapter 2 presents a short introduction to liquid crystals in general and blue
phase in particular. All the techniques used in the identiﬁcation of the blue
phase are presented. A simple ﬁnite diﬀerence time domain simulation which
helps us understand how a circular band-gap appears in blue phases due to
the internal molecular arrangements, is also discussed. A survey of various
techniques applied to stabilize blue phases is also elucidated and themechanism
of polymer stabilization is discussed. This chapter concludes with a brief
literature review of polymer stabilized liquid crystals.
Chapter 3 is dedicated to the study of long term stability of polymer stabilized
blue phase liquid crystals. During the course of this study we found that
although polymer stabilization does render blue phase stable over a broader
temperature range this is not true over time. The stability of material over a
long period of time is absolutely paramount. We found that polymer stabilized
blue phase develops highly scattering features which severely compromise the
contrast ratio and the uniformity of the sample. A thorough investigation was
performed and is discussed in depth. By systematically evaluating all possible
causes and physical parameters we found the crystallization of the chiral dopant
as the cause of this problem. This chapter concludes with a remedy of this
problem which guarantees the long term stabilization of blue phase in true
sense.
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Chapter 4 expounds upon the inﬂuence of alignment layers on blue phase
liquid crystals. One of the superiorities of blue phase liquid crystals over
conventional nematic liquid crystals is their non-requirement of alignment
layers for the operation of devices. This chapter is dedicated to a systematic
study of the eﬀects of alignment layers on blue phase liquid crystals. We found
that out of the two cubic phases it is BPII which gets profoundly aﬀected
by alignment layers. We also found that the domains of BPII get reoriented
and this results in a signiﬁcant shift in the peak Bragg reﬂection wavelength.
This chapter concludes with an open question ‘Why BPI and BPII respond
diﬀerently to alignment layers?’.
Chapter 5 addresses a fundamental limitation of polymer stabilized blue
phase liquid crystals. This liquid crystal medium is macroscopically isotropic
and birefringence is induced when an external electric ﬁeld is applied because
of a third order non-linearity, the Kerr eﬀect. For light traveling along the
direction of the ﬁeld no phase retardation is achieved. Nevertheless the refrac-
tive index change resulting due to the Kerr eﬀect can be utilized for various
devices. This refractive index change is limited to one third of the birefringence
induced by the Kerr eﬀect, which proves to be a serious limitation. A possible
means of resolving this issue is the use of dual frequency liquid crystals in
blue phase. Dual frequency liquid crystals are special in the sense that their
dielectric anisotropy undergoes a sign reversal as the frequency of the applied
ﬁeld crosses a certain cross-over frequency. By utilizing this phenomenon, we
demonstrate a pathway for achieving a refractive index change beyond what is
possible with the conventional polymer stabilized blue phase liquid crystals.
The preparation of blue phase with dual frequency liquid crystals is not as
straightforward as the preparation of blue phase with conventional nematic
liquid crystals. The conventional method proceeds with the addition of a
chiral dopant to the nematic liquid crystal to induce chirality. But not every
liquid crystal exhibits a blue phase. This forced us to take a detour and use
the technique know as templating. In this technique a polymer stabilized
blue phase is rinsed of all liquid crystals, chiral dopant and unpolymerized
monomers and the cast left behind is used as a template for inducing blue
phase. This technique is successful in inducing blue phases even in non-chiral
liquid crystals. We found that by inﬁltrating dual frequency liquid crystals
in this template we can achieve blue phases. Also the stability of the blue
phase obtained by templating is exceptional, as the blue phase was stable
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at least between 0 ∘𝐶 and 100 ∘𝐶, which are the limits of our heating stage.
We succeeded in experimentally demonstrating enhanced refractive index
modulation with sub-millisecond switching times.
Finally in the concluding chapter 6, which also discusses the unﬁnished
(partially ﬁnished) work and divulges possible directions of future research
endeavours. As was true approximately a decade and a half ago, when polymer
stabilization catapulted blue phases to the center stage of research’s attention,
fascination of blue phases has only increased. A plethora of questions remain
unanswered and the journey has just begun.
Well began is half done.
Aristotle
2
Blue Phase Liquid Crystals
Liquid crystals are beautiful and mysterious, I am
fond of them for both reasons.
P. G. De Gennes
OUTLINE OF THIS CHAPTER
This chapter presents a general introduction to blue phase liquid
crystals, encompassing their internal structure, various properties
and various techniques of their thermal stabilization. The chapter
concludes with a review of selected topics relevant to this dissertation.
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2.1 Liquid Crystals
The liquid crystalline state is a state of matter which has properties lying in
between the properties of liquids and solid crystals. They are also known as
themesomorphic phases. The Greek preﬁxmesos-means “in the middle” and
morphmeans “shape”.
Crystalline solids are composed of the repetition of a fundamental building
blocks known as the basis. The three dimensional periodic arrangement over
which the basis is repeated is called the Bravais Lattice. The lattice points of a
three dimensional Bravais lattice are deﬁned as:
?⃗? = 𝑛1?⃗?1 + 𝑛2?⃗?2 + 𝑛3?⃗?3 (2.1)
where, ?⃗?𝑖 and 𝑛𝑖 are the primitive vectors and integers, respectively. The basis
can be either an atom, an ion, a molecule, group of molecules etc.
An isotropic liquid, on the other hand, is completely devoid of a long range
positional order. There exists a typical length scale (𝜉) over which all correla-
tions vanish and the X-ray diﬀraction exhibits a diﬀuse peak of width 𝜉−1.
Liquid crystals may exhibit strong anisotropy in some of its properties while
simultaneously exhibiting a certain degree of ﬂuidity. For example the density-
density correlation function (< 𝜌(𝒙)𝜌(𝒙′) >) not only depends on the magni-
tude of 𝒙 − 𝒙′ but also on the orientation of 𝒙 − 𝒙′. [1, 2]
Depending upon the parameters which inﬂuence a phase change, liquid
crystals can be classiﬁed in two groups, thermotropic and lyotropic, discussed
in the next section.
2.1.1 Thermotropic liquid crystals
In thermotropic liquid crystals phase is determined by temperature. Based on
the orientational properties, thermotropic liquid crystals are further classiﬁed
as nematic, cholesteric and smectic.
Nematic liquid crystals
Nematic liquid crystals possess long range orientational order but no positional
order. The center of gravity of molecules is homogeneously distributed. Owing
to the long molecular structures, these molecules tend to spontaneously align
in one direction, in a relatively small volumes as shown in Fig. 2.1. The name is
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Fig. 2.1.Nematic liquid crys-
tals. Adapted from [3].
Fig. 2.2.Cholesteric liquid
crystals. Adapted from [3].
derived from the Greek word nema which means thread. If well aligned by ex-
ternal means, the nematic liquid crystals form an optically uniaxial anisotropic
medium. Nematic liquid crystal molecules are often represented as rods or
cylinders. The average orientation of the molecules is called the director, which
is a unit vector denoted by ?⃗?. The orientational states represented by ?⃗? and −?⃗?
are the same. The optic axis of the uniaxial medium formed by these liquid
crystals is along the director.
Cholesteric liquid crystals
The cholesteric mesophase manifests in nematic liquid crystal molecules which
are either chiral on their own or have been doped with a small quantity of a
chiral molecules. In this mesophase molecules organize in layers. On a given
layer molecules orient parallel to each other without any positional order, but
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along the normal direction they acquire a twist, forming a helix (Fig. 2.2). The
sense of twist can be right-handed or left-handed. The name cholesteric is
derived from the cholesterol esters, in which this state was ﬁrst observed.
The director distribution (?⃗?) of a cholesteric liquid crystal with helical axis
along z-axis, can be expressed as:
𝑛𝑥 = 𝑐𝑜𝑠(𝑞𝑜𝑧 + 𝛷)
𝑛𝑦 = 𝑠𝑖𝑛(𝑞𝑜𝑧 + 𝛷) (2.2)
𝑛𝑧 = 0
The twist is characterized by the pitch, which is the distance over which
molecules turn by 360∘. 𝑞0 is related to the pitch by:
𝑃 =
2𝜋
𝑞0
(2.3)
Due to the refractive index modulation (Equ. (2.2)), cholesteric liquid crys-
tals possess the unique property of strongly reﬂecting circularly polarized light
of the same sense of twist and transmitting the circularly polarized light of the
opposite twist [4].
Smectic liquid crystals
Smectic mesophases exist for temperatures lower than nematic phases and
the molecules form well deﬁned layers. The name smectic originates from the
Latin word smecticus which means “having soap like properties”. Depending
upon the orientation of the molecules in layers, they are further classiﬁed as
smectic A, smectic C etc. In smectic A, molecules are normal to the layers,
whereas in smectic C molecules are tilted by an angle with respect to the layer
normal as shown in Fig. 2.3. Various other smectic mesophases have been
identiﬁed [5]. The interaction between the layers is weaker than between the
molecules in one layer, making their ﬂowing like liquid possible.
2.1.2 Lyotropic liquid crystals
In lyotropic liquid crystals phase changes are brought about by both the tem-
perature and the concentration of liquid crystals in a polar solvent. Phase
changes induced by temperature in these systems are much more diﬃcult to
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Fig. 2.3. Smectic A (left) and
C (right) phases of liquid
crystals. Adapted from [3].
Fig. 2.4. Phase diagram
of lyotropic liquid crys-
tals. Adapted from [6].
control, hence the suitable parameter is the concentration of liquid crystals
in the polar solvent. In one particular type of compound exhibiting lyotropic
liquid crystalline mesophase, the molecules have two distinct parts, a polar
hydrophilic group and a long hydrocarbon chain which is hydrophobic. When
it is dissolved in a polar solvent like water, the hydrophilic ends attract water
molecules whereas hydrophobic ends try to come together. As the liquid crystal
concentration increases diﬀerent liquid crystalline phases appear. This can be
easily understood from the phase diagram for a typical lyotropic liquid crystal
(Fig. 2.4). For low concentrations lyotropic liquid crystals form small micelles,
which are spherical aggregations with hydrophilic groups on the surface and
hydrophobic groups point towards the center away from water molecules. At
a certain temperature these micelles can aggregate in a cubic fashion, with
each micelle at a lattice point. As the concentration is further increased, they
may assemble into hexagonal arrangements of tubes and ﬁnally at even higher
concentrations they form layered structures.
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(a) (b)
Fig. 2.5. Typical texture of blue
phase liquid crystals.
2.2 Blue Phase Liquid Crystals
Blue phase appears in chiral liquid crystals between cholesteric and isotropic
phases. Fig. 2.5 shows typical textures of blue phase liquid crystals. In nature
they exist for a very narrow temperature range of a few degree Celsius only.
This narrow temperature range of existence has proven to be a serious limi-
tation both in their experimental study and in their practical application in
devices. This statement of Sir Charles Frank, made in 1983, about blue phases
summarizes the then prevailing opinion about them: [7]
“They are totally useless, I think, except for one important intellectual
use, that of providing tangible examples of topological oddities, and
so helping to bring topology into the public domain of science, from
being the private preserve of a few abstract mathematicians and
particle theorists.”
Once the limitation of narrow temperature rangewas solved by the technique
of polymer stabilization a plethora of research activities followed. Before we
discuss the stabilization techniques an introduction of blue phases is presented
ﬁrst.
2.2.1 BPI, BPII and BPIII
One remark about the name of these phases is worth making at the very outset.
The name “Blue Phase” indeed arose from the observed color of this phase. It
is the only liquid crystal phase which gets its name from the observed color.
Three distinct types of blue phases are known to exist, namely BPI, BPII
and BPIII in increasing order of their temperatures of existence. For the ﬁrst
80 years, after the initial observation of blue phases, they were considered to
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Fig. 2.6.Ultra high resolution
Diﬀerential Scanning Calorime-
try scan. Adapted from [8].
be a metastable state of cholesteric liquid crystals. It was very high resolution
diﬀerential scanning calorimetry results, which established that BPI, BPII and
BPIII were stable thermodynamic phases (Fig. 2.6) [8]. Three distinct peaks
present in this DSC result, clearly establish BPI, BPII and BPIII as stable ther-
modynamic phases. It is worth noting that the scan speed for this experiment
was 12 𝑚𝐾/ℎ and it lasted for about two weeks.
Blue phases exist in a very narrow temperature range, between cholesteric
and isotropic states. They possess an interesting set of physical traits: unlike
cholesteric liquid crystals, blue phases are optically isotropic but with unusu-
ally large optical activity. Cholesteric liquid crystals are optically anisotropic
and are uniaxial. In order to explain these properties, Saupe in 1969 put
forth the idea of blue phases possessing large cubic crystals formed by the
three-dimensional expansion of twisted chiral molecules. Crystals with cubic
symmetry are known to possess isotropic refractive index [9].
From the Bragg reﬂections of blue phases it was estimated that the cubic
arrangement should have a lattice constant between 200 𝑛𝑚 − 300 𝑛𝑚, which
would imply approximately 107 molecules in one unit cell. Figuring out the
arrangement of liquid crystal molecules in one unit cell has proven to be an
arduous task.
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Fig. 2.7.Appearance of defects
due to omni-directional twist.
Adapted from [10]
Fig. 2.8.Double twisted cylinder.
Double twisted cylinders
In order to understand the structure of blue phases it is important to start with
the idea of double twist. Chiral long molecules are more stable when their long
axes make a small angle with the neighbouring molecules, rather than being
parallel. From Fig. 2.2 it can be seen that, molecules on a plane are parallel to
each other whereas a twist exists in the direction normal to this plane. This
arrangement is called the “simple twist”. Hence, in the cholesteric phase, the
molecule’s tendency to twist with respect to its neighbour is not satisﬁed in all
directions.
Why is simple twist prevalent despite failing to satisfy twisting in all direc-
tions? The answer lies in the topological packing argument. As can be seen
from Fig. 2.7, simple twist can be continued over the entire three-dimensional
space without any contradictions. However, the same is not true if we allow
twisting around both the x and y axes simultaneously. Extending a double twist
conﬁguration will inevitably lead to discontinuous arrangements (defects).
Such discontinuities make the arrangement energetically unfavourable. A case
can be made that there is competition between twisting forces and defect-free
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packing of molecules in three-dimensions. When the twisting force is relatively
weak topological packing constraint dominates and a simple twist arrangement
becomes acceptable.
The case is diﬀerent in highly chiral systems, where twisting forces are strong.
What results is known as a double twisted arrangement. Fig. 2.8 shows the
building block of blue phases, the double twisted cylinder (DTC). The tendency
of omni-directional twist is satisﬁed for the central molecule only. The twist
spreads out till the angle becomes 45∘. DTCs then get arranged along three
mutually perpendicular directions forming the unit cells of BPI and BPII, as
shown in Fig. 2.9. As is obvious from the structure of the DTC, any extension
in three dimensions is bound to results in defects. Defects increase the energy
of the system making it less stable. As the temperature increases, the cost
associated with defects goes down [11]. This is the reason, blue phases appear
close to isotropic temperature and only in highly chiral liquid crystals. In such
systems there is a competition between locally stable double twisted structures
and the global defect free state. They are the result of a sensitive balance between
chiral forces and topological packing constraints. Such conﬂicts between the
local tendencies and the impossibility of their being extended globally is an
hallmark of frustrated phases.
2.2.2 Identiﬁcation of blue phases
Several experimental techniques are used to identify blue phase liquid crystals.
The following sections brieﬂy introduce these techniques.
Polarization optical microscopy
A polarization optical microscope equipped with a precise heating stage is the
indispensable tool in the study of liquid crystals. The heating stage is connected
to a computer using the RS485 serial communication standard, which facilitates
precise control over heating and cooling rates *.Diﬀerent liquid crystal phases
and their respective temperature ranges can be identiﬁed using this instrument.
Fig. 2.10 shows the setup. The white light from a halogen lamp is reﬂected
upwards, through a rotatable polarizer onto the sample. The transmitted light
passes through another polarizer whose pass axis is normal to the pass axis
of the ﬁrst polarizer, and is then magniﬁed by the objective lens to form the
*TheMATLAB code for communicating with this device is given in appendix A
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image of the liquid crystal texture. It is the most frequently used technique of
this dissertation.
Diﬀerential scanning calorimetry
Diﬀerential scanning calorimetry (DSC) is a thermoanalytic technique for
identifying the phase transition temperatures, measuring enthalpy of transi-
tions etc. The central idea is very simple. A small quantity (typically a few
milligrams) of the sample to be characterized is placed in a metallic pan with
known thermal characteristics. An identical empty pan acts as a reference.
The calorimeter is set to supply heat to both the pans in order to achieve a
ﬁxed rate of change of temperature. A typical result of a DSC scan is presented
in Fig. 2.11. As the temperature is increased (decreased), across the phase
transition temperature, latent heat of transition comes into play which changes
the required heat ﬂow to maintain a constant rate of change of temperature. If
we are in a heating cycle and the phase transition is exothermic, less heat will be
required, and this will appear as a dip in the heat ﬂow versus temperature plot.
The case will be opposite in the cooling cycle. This dip (rise) in the DSC scan
is a signature of phase transition, which is highlighted in the Fig. 2.11 with red
ellipses. Before the actual measurement is done, the ﬁrst few heating-cooling
cycles are ignored. This is done to eliminate the eﬀects of thermal hysteresis,
which is often present in long chain polymers [12].
This particular DSC scan was carried out at a rate of 10 ∘𝐶/𝑚𝑖𝑛 and clearly
depicts the phase change from isotropic to chiral nematic state. This scan
was performed to roughly estimate the temperature region where blue phase
might be present. In contrast to the scan depicted in Fig. 2.6 [8] our scan is not
capable of distinguishing diﬀerent blue phases. The reason is the diﬀerence in
the rate of temperature change being used. The ultra high resolution scan was
carried out at 0.012 ∘𝐶/ℎ which was beyond the capability of our instrument.
It is also worth noting that for liquid crystals, the phase transition occurs
at slightly diﬀerent temperatures in the heating and cooling cycle. This is
explained by signiﬁcant supercooling [13].
Bragg reﬂections
As previously discussed (Sec. 2.2.1) BPI and BPII have periodic arrangements
of double twisted cylinders. Owing to this periodic variation the refractive
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(a)
(b)
Fig. 2.9.Director distribution
in double twisted cylinders
in (a) BPI and in (b) BPII.
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Fig. 2.10. Experimental setup for
observing and recording of liquid
crystal textures.
Fig. 2.11.Diﬀerential scanning
calorimetry to identify the phase
transition temperature.
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index also gets a periodic modulation, which results in Bragg reﬂection. By
recording the Bragg reﬂection as a function of the temperature, two cubic blue
phases can be identiﬁed. This is discussed in detail in chapter 4.
Kossel diagrams
Scattering of X-rays or sub-atomic particles (electrons, neutrons etc.) have
long been used to identify crystal structures. Kossel diagrams are the visible
analogue of these. A crystalline sample is illuminated with monochromatic
light, and all the angles (forming a cone) satisfying 𝜆 = 2𝑛𝑑 sin 𝜃 get back-
scattered. This back-scattered light is focused on the image plane of a lens. The
Kossel diagrams are either circular or elliptical. The symmetry of the crystal
lattice gets mapped onto the symmetry of these diagrams. For example, the
Kossel diagrams corresponding to the [100] plane of a simple cubic structure
will have four-fold symmetry. By analysing these diagrams the various planes
of cubic blue phases can be identiﬁed.
In the context of blue phases Kossel diagrams have been used extensively to
identify their space groups symmetries [14, 15], order parameters [16], and
also to measure the absolute lattice constant with great accuracy [17].
Confocal laser scanning microscopy
Direct observation of the periodicity of cubic blue phases has been attempted
on several occasions in the past. Freeze fracture electron microscopy was applied
to blue phases as well [18, 19]. However, due to the narrow temperature range
and very delicate nature of blue phase such studies are extremely challenging.
Higashiguchi et al. recorded the periodic modulation of polymer stabilized
blue phase I by using confocal laser scanningmicroscopy, which does not suﬀer
from the above issues [20].
Due to the limitations of setups and time studies involving Kossel diagrams
and confocal laser scanning microscopy were not performed.
2.2.3 FDTD simulation of blue phase liquid
crystals
As the director distribution of cubic blue phases is well established, it is of
interest to understand the appearance of Bragg reﬂection in these media. From
literature we know how the liquid crystal molecules are arranged inside double
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twisted cylinders and how these double twisted cylinders are arranged in a
unit cube of blue phase. It is interesting to ﬁnd out, if this much orientational
information is suﬃcient to explain the origin of band-gap in blue phases. Not
only a photonic band-gap exists, but it is selective for one circular polarization
state of light. A commercial ﬁnite diﬀerence solver (Lumerical-FDTD, [21]),
capable of handling position dependent anisotropies, was used in this study.
Finite diﬀerence time domain method
The ﬁnite diﬀerence time domain (FDTD) method is a grid based computa-
tional technique, to solve the time dependent Maxwell equations. TheMaxwell
equations in partial-diﬀerential form are approximated to a central diﬀerence
form. The set of coupled equations can be solved in a leap-frog manner [22].
This method involves direct solving of Maxwell equations in full vectorial form
without any assumption. Hence, arbitrarily accurate solutions can be obtained
limited only by computational resources. A very interesting aspect of FDTD is
its being amenable to parallel processing. A brief overview of the method is
presented next.
The time dependent Maxwell equations in diﬀerential form in a charge and
current free medium are:
∇ ⋅ ?⃗? = 0 (2.4)
∇ ⋅ 􏹎𝐻 = 0 (2.5)
𝜕􏹎𝐻
𝜕𝑡
= −
1
𝜇
∇ × ?⃗? (2.6)
𝜕?⃗?
𝜕𝑡
=
1
𝜀
∇ × 􏹎𝐻 (2.7)
One of the central concepts of FDTD is the staggered spatial and temporal
gridding proposed in 1966 [23]. Converting the derivatives to the central
diﬀerence formulations, we obtain:
􏹎𝐻 􏿶𝑡 +
𝛥𝑡
2 􏿹
= 􏹎𝐻 􏿶𝑡 −
𝛥𝑡
2 􏿹
−
𝛥𝑡
𝜇
∇ × ?⃗?(𝑡) (2.8)
?⃗?(𝑡 + 𝛥𝑡) = ?⃗?(𝑡) +
𝛥𝑡
𝜀
∇ × 􏹎𝐻 􏿶𝑡 +
𝛥𝑡
2 􏿹
(2.9)
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Knowing the initial values of ?⃗?(0) and􏹎𝐻(−
𝛥𝑡
2
) the value of􏹎𝐻(
𝛥𝑡
2
) (i.e. next
time instance) can be calculated from Equ. (2.8). Substituting this value in
Equ. (2.9) the value of the electric ﬁeld at the next time instance, ?⃗?(𝛥𝑡) can be
calculated, which can then be used in the former equation. This leap-frogging
can be continued till the ﬁeld values have decayed down to a predetermined
value. At every step of the leap-frogging, boundary conditions must also be
taken into account. It is important to let the leap-frogging loop to execute a
suﬃcient number of times, so that the values of the ﬁelds have decayed down
signiﬁcantly, otherwise the computation of the Fourier Transform to extract
spectral information will be erroneous.
There are many inherent merits of the FDTDmethod like the underlying
idea being easy to understand, the non-requirement of large matrix inversions,
a single run of the method is required and multiple frequency responses can
be computed, non-linearities are treated naturally etc. However, all the above
come at a signiﬁcant computational cost.
Simulation setup
All the information about the media in which the propagation of electromag-
netic waves is to be studied is contained in the position dependent permittivity
(𝜀) and permeability (𝜇) tensors. For isotropic media, the set of discretized
equations becomes simple as both tensors reduce to scalars. The problem
becomes very involved when there is anisotropy which is spatially varying,
which is the case for liquid crystals. Pond et al. developed an elegant algorithm
which solves the above problem very eﬃciently, and is implemented in the
LUMERICAL FDTD software [24].
In order to setup any FDTD simulation, the ﬁrst step is to deﬁne themedium
bymeans of 𝜀 and 𝜇 tensors. In Lumerical-FDTD, for the liquid crystal module,
we need to specify the direction cosine of the individual molecules, and ordi-
nary and extraordinary refractive indices of the liquid crystal. The software
then performs interpolation to obtain the values at every grid point, from the
values speciﬁed by us. Working out the orientation of the liquid crystals over a
three dimensional grid is the most tedious part of the simulation.
We started with the simulation for BPII, as setting up the direction cosine
matrices is relatively easier than it is for BPI. Fig. 2.12 shows the unit cell of
BPII with the double twisted cylinders inside it. The coordinate axes were
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Fig. 2.12. Liquid crystal orienta-
tions in a BPII unit cell. Notice the
smooth transition from one dou-
ble twisted cylinder to another.
aligned with the three sides of the cube, with the origin at one of the vertices.
The unit cell is divided into equally sized cubical grids of size 𝑁 ×𝑁 ×𝑁 . The
results presented here are for𝑁 = 57. The odd number of discretization points
ensures that the DTCs are symmetrically placed in the unit cell. Knowing that
the molecules at the center of the DTC are aligned along the axis of cylinder,
we can easily work out the direction cosines of these molecules. Also, as we
go radially outwards, the molecules rotate in a linear fashion till the angle
becomes 45∘ with respect to the central molecule. Once the orientation of the
liquid crystals on one section of the DTC is worked out, the whole cylinder can
be created by stacking of these layers. Special attention has to be paid to the
smooth transition of twist from one cylinder to another at the point of contact
between them (Fig. 2.12). As a ﬁrst order approximation, the refractive index
in the regions outside the DTCs was taken to be the average value, same as the
isotropic state, i. e. (2𝑛0 + 𝑛𝑒)/3 [25, 26]. 65 such unit cells were stacked on
top of each other to prepare an LC-slab of 10 𝜇𝑚 thickness. Transmission of
a plane wave of circularly polarized light through this liquid crystal slab was
simulated.
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Key results and discussion
Fig. 2.13 shows the transmission spectrum of mono-domain BPII for both left
and right circularly polarized light. It can be clearly seen that left circularly
polarized light gets strongly reﬂected whereas right circularly polarized light
does not. We found that as the thickness of BPII layer was increased, consid-
erable reﬂection occurred for both circular polarizations, indicating towards
the presence of a complete band-gap in thick blue phase cells. However, this is
very diﬃcult to verify experimentally as preparing thick mono-domain blue
phase samples is quite challenging.
To further substantiate the correctness of themodel we performed additional
simulations and compared the results with well know theoretical consequences.
First such study was investigating the dependence of peak Bragg wavelength
on angle of incidence. The central wavelength of Bragg reﬂection is given by:
𝜆0 =
< 𝑛 > 𝑝𝑐𝑜𝑠(𝜃)
√𝑙2 + 𝑚2 + 𝑛2
(2.10)
where < 𝑛 > is the average refractive index, 𝑝 is the pitch, 𝜃 is the angle of
incidence with normal and 𝑙, 𝑚, 𝑛 are Miller indices. It was found the variation
of the central wavelength with 𝑐𝑜𝑠(𝜃) was linear. Also from Equ. (2.10) we ﬁnd
that central wavelength of Bragg reﬂection varies linearly with the pitch given
everything else remains ﬁxed. This behaviour was also found to hold in the
simulations. One thing should be kept in mind that for performing simulation
with non-normal angles of incidence, period boundary conditions in the di-
rections orthogonal to propagation (for normal incidence) were changed to
Bloch boundary conditions.
It must also be borne in mind that this is a very simplistic modeling of the
real blue phase II. It is assumed that the sample is mono-domain with the [100]
plane facing the liquid crystal cell’s substrate. In reality, blue phase samples
are mostly polycrystalline in nature. However, control over the orientation
of blue phase domains can be exercised by using alignment layers, which is
discussed in great detail in chapter 4. It was found that, in a cell with alignment
layers, well aligned BPII exhibited a Bragg reﬂection peak with full width at half
maximum of approximately 13 𝑛𝑚, which is comparable to the value obtained
from this simulation.
Thismodel also ignores the presence of disclination lines, but rather assumes
the entire region outside of the DTCs as isotropic, which is not the case in
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Fig. 2.13. Transmission spec-
trum obtained from the FDTD
simulation of BPII mono-domain
for both circularly polarized lights.
reality. We could not succeed in extending this approach of modeling to
BPI. The primary reason for failure seems to arise from the fact that BPI has
considerably larger volume outside the DTCs. A ﬁrst order approximation of
this zone as isotropic introduces greater deviation from reality than it did in
BPII. The model can be improved and made more realistic by interpolating
orientations for regions beyond DTCs.
2.3 Stabilization Techniques for Blue
Phase Liquid Crystals
As mentioned in Sec. 2.2, the severe limitation of a very narrow temperature
range of existence of blue phases has not only hampered their practical appli-
cation but also made their experimental study cumbersome. Several attempts
have been made to expand the temperature range of blue phases, which are
presented next. The technique of polymer stabilization and templating were
used in this dissertation.
2.3.1 Doping with nanoparticles
In 2009, Yoshida et al. demonstrated expansion of the temperature range from
0.5 ∘𝐶 to 5 ∘𝐶 by the addition of spherical gold nanoparticles to blue phase [27].
The nanoparticles had a diameter of approximately 3.7 𝑛𝑚. It is believed that
gold nanoparticles migrate to the disclination lines and reduce the energy of
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these defect sites, thereby enhancing the stability of the overall system. Surface
functionalized CdSe nanoparticles has also been shown to enhance the stability
of BPIII [28].
This is particularly interesting, because doping of liquid crystals with
nanoparticles have been shown to enhance their electro-optical properties
as well [29, 30].
2.3.2 Doping with dendron molecules
In 2013, Shibayama et al. synthesized a dendron molecule, which when doped,
enhanced the temperature range of blue phase from 2.1 ∘𝐶 to 4.6 ∘𝐶. They
indicated towards the modiﬁcation of elastic constants and reduction in orien-
tation order, by the doping of dendron molecule, as the possible mechanism to
enhance stability of blue phases [31]. The chemical structure of the dendron
molecule is shown in Fig. C.10.
2.3.3 Synthesis of special molecules
Sensing the importance of blue phases, synthetic organic chemists working in
the ﬁeld of liquid crystals synthesized various novel liquid crystal molecules
which possessed blue phases stable over large temperature ranges.
Yoshizawa et at. in 2005, synthesized a T-shaped liquid crystal molecule
possessing biaxiality and exhibiting a broad blue phase temperature range of
13 ∘𝐶 [32].
Yoshizawa et at. in 2009, synthesized a complex binaphthyl derivative which
exhibited blue phases stable over 30 ∘𝐶 [33]. Extension of blue phase tempera-
ture range up to 23 ∘𝐶 in hydrogen-bonded self-assembled complex of chiral
ﬂuoro-substituted benzoic acid and pyridine derivative was also demonstrated
[34].
In 2005, Coles et al. synthesized a bi-mesogenic liquid crystal which exhibits
blue phases stable over 45 ∘𝐶 [35]. Such immense stability of blue phase re-
sults from the very high ﬂexoelectric coeﬃcients that these dimeric molecules
possess [36]. One direct consequence of enhanced stability is the possibility
of adding large amounts of monomer molecules to the blue phase without
disturbing the phase itself. By adding approximately 30% of monomers to
bi-mesogenic blue phase, Castles et al. in 2014, demonstrated stretchable blue
phase gels. This gel could maintain blue phase even under a longitudinal strain
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of 200%, and the distortion of cubic symmetry in blue phase led to the appear-
ance of a second order non-linearity (Pockels eﬀect) in these materials [37].
The chemical structure of the bi-mesogenic compound is shown in Fig. C.9.
In 2013, Li et al. proposed a very unusual means of achieving very stable
blue phases. They doped a chiral liquid crystal, which does not have blue phase,
with hydrogen-bonded self-assembled supermolecules which are neither chiral
nor mesogenic in nature. Yet, doing so resulted in a mixture which exhibits
blue phase stable over 45 ∘𝐶 [38].
2.3.4 Polymer stabilization
Out of all the techniques of stabilizing blue phase, polymer stabilization is by
far the most successful. Proposed by Kikuchi et al. in 2002 [39], this technique
made blue phase liquid crystals available for various possible applications. A
small amount (typically< 12%) of monomers with photo-initiator are added to
the liquid crystals, and themixture is then heated to the temperature where blue
phase appears. The monomers are then polymerized by exposing the system
with UV light. This enhances the temperature range over which blue phase is
stable bymany tens of degrees Celsius. It was proposed byKikuchi et al. in 2002,
that the monomer molecules occupy the disclination lines and the polymer
chains forming along disclination lines lower the energy associated with defects
signiﬁcantly, thereby stabilizing blue phases. By performing ultra small-angle
synchrotron X-ray scattering they experimentally proved their hypothesis
about the location of polymer networks in 2015 [40]. As this technique forms
the backbone of this thesis, a more detailed discussion is presented in the next
section.
It is interesting to note that the above study was not the ﬁrst one to success-
fully polymer stabilize the blue phase liquid crystals. Kitzerow et al. in 1993
demonstrated polymer stabilization by the addition of > 30 % of monomers
by weight [41]. The liquid crystal molecule was itself a diacrylate, capable
of being polymerized. This scheme did result in stabilization of blue phase,
but all the dynamic properties were lost as all the constituent molecules were
polymerized.
This is where the solution proposed by Kikuchi et al. is superior as it stabi-
lized the blue phase without quenching the dynamic properties of the phase.
A detailed discussion on this matter follows in a latter section (Sec. 2.4).
2.4. POLYMER STABILIZATION OF BLUE PHASE LIQUID CRYSTALS 37
Fig. 2.14. Polymer network
replacing disclination lines
in BPI. Adapted from [39].
2.3.5 Template induced blue phases
In 2012, Castles et al. proposed an ingenious way of inducing super-stable blue
phase, stable over more than 125 ∘𝐶 [42]. The central idea is to transfer the
nanoscale features of the liquid crystals to a three-dimensional porous polymer
cast and then use this cast as a template for blue phase. Polymer stabilized
blue phase is cleaned of liquid crystals, chiral dopants and unpolymerized
monomers, by rinsing it with acetone. The porous template obtained after
the acetone has evaporated can force even non-chiral liquid crystals into blue
phase with exceptionally wide temperature ranges.
Template thus obtained was used to induce blue phase in dual frequency
liquid crystals, discussed in detail in chapter 5.
2.4 Polymer Stabilization of Blue
Phase Liquid Crystals
As has been brieﬂy described (2.3.4), the technique of polymer stabilization
proposed by Kikuchi et al. diﬀers signiﬁcantly from the polymer stabilization
previously applied to nematic liquid crystals [43], cholesteric liquid crystals [44,
45] and blue phases [41]. In the conventional cases, polymer networks either
control the aggregation of liquid crystal domains, stabilize the orientation of
liquid crystal directors or simply freeze the ordered structure. To achieve any
of these eﬀects, a monomer concentration ≥ 30% by weight is required.
Polymer stabilization of blue phase preserving its dynamic properties re-
quires approximately three times as less polymer concentration. This mecha-
nism of stabilization can be understood by the following line of reasoning. The
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monomers are more miscible in the isotropic phase than in the highly ordered
liquid crystalline state. The disclination lines of the blue phase are assumed
to be isotropic liquid, hence the monomer molecules tend to aggregate there
rather than inﬁltrating the highly ordered DTCs. Post UV exposure, formed
polymer chains follow the disclination lines, as is shown in Fig. 2.14. This
reduces the energy cost associated with the isotropic disclination lines for
temperatures lower than the isotropic temperature, making the entire system
thermodynamically stable. It is interesting to note that the polymer stabi-
lization increases the temperature range of blue phase by decreasing the blue
phase to chiral nematic phase transition temperature and not by increasing
the blue phase to isotropic transition temperature. This fact is consistent with
the explanation given above. The only technique of enhancing the blue phase
temperature range, while preserving the dynamic behaviour, by increasing the
blue phase to isotropic temperature is the technique of templating.
2.4.1 Electro-optical properties of polymer
stabilized blue phase liquid crystals
Themain electro-optical eﬀect which is at the core of virtually all devices real-
ized using polymer stabilized blue phases is the Kerr eﬀect. This is a third order
non-linear eﬀect, which induces anisotropy in otherwise isotropic polymer
stabilized blue phase liquid crystals. The induced anisotropy is given by:
𝛥𝑛 = 𝜆𝐾𝐸2 (2.11)
where 𝛥𝑛 (𝑛𝑒 − 𝑛𝑜) is the induced birefringence, 𝜆 is the wavelength of light,
𝐾 is the Kerr constant and 𝐸 is the magnitude of the applied electric ﬁeld.
Birefringence is induced such that the optic axis is along the applied electric
ﬁeld.
The magnitude of the Kerr constant depends on several liquid crystal pa-
rameters and the dependence is expressed as: [46]
𝐾 ≈ 𝛥𝑛𝛥𝜀
𝜀0𝑃2
𝑘𝜆(2𝜋)2
(2.12)
where 𝛥𝑛 and 𝛥𝜀 are the intrinsic birefringence and dielectric anisotropy
of the base nematic liquid crystal, respectively, and 𝑃 is the chiral pitch. The
response time of blue phase can be expressed as: [46]
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𝜏 ≈
𝛾1𝑃2
𝑘(2𝜋)2
(2.13)
where 𝛾1 is the rotational viscosity. Blue phases with a larger Kerr constant
are desirable as a higher Kerr constant implies lower operating voltages. Several
eﬀorts in this direction have been made. As can be seen from Equ. (2.12), one
pathway is to synthesize liquid crystals with large 𝛥𝑛, large 𝛥𝜀 or large pitch.
The last option is not viable as blue phases appear for short pitches only. Also,
increasing pitch values increases the response time (Equ. (2.13)). It is also
worth noting that liquid crystals with large birefringence and/or large dielectric
anisotropies tend to have large rotational viscosities (𝛾1), which again leads to
an undesirable increase in response times.
2.5 A Brief Literature Review
Since the inception of the polymer stabilization technique, a ﬂurry of research
activities has ensued. The research has primarily focused on developing fun-
damental understanding of polymer stabilized blue phase, exploring various
possibilities of realizing fast displays and fabricating numerous non-display
electro-optical devices. A crucial milestone was reached in 2008 when Sam-
sung Electronics produced a prototype television based on polymer stabilized
blue phase liquid crystals [47]. This display was capable of driving images at
240 𝐻𝑧, which is twice as fast as any other liquid crystal display. However, a
commercial product was never launched.
2.5.1 High voltage requirements of blue phase
liquid crystals
One serious limitation which plagues polymer stabilized blue phases is their
high voltage requirements. A great deal of research endeavour has been made
towards lowering the driving voltages to acceptable values. There are two
primary reasons for the high voltage requirements. The ﬁrst can be attributed
to the low values of the Kerr constant. From Equ. (2.11), it is clear that the
voltage required for a certain anisotropy scales inversely with the square root of
the Kerr constant (𝑉 ∝ 1/√𝐾). The second reason is more speciﬁcally related
to the in-plane switching mode of operation of blue phase devices. Owing
to the structure of the electrodes, the fringing ﬁeld does not penetrate deep
into the bulk of the liquid crystals. Thus only a small fraction of the liquid
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(a) (b)
Fig. 2.15. (a) Electric field lines
in a conventional in-plane switch-
ing (IPS) cell and (b) Electric field
lines in amodified in-plane switch-
ing cell with protruded electrodes.
Adapted form [48].
crystal cell contributes to the switching operation. Both these aspects have
been tackled.
Low Kerr constant
The ﬁrst report on the value of the Kerr constant of polymer stabilized blue
phase was made in 2005 and it was measured to be 0.37 × 10−9𝑚𝑉−2 [49].
Although this value is 170 times larger than highly nonlinear nitrobenzene, it is
not suﬃcient for realizing a display with polymer stabilized blue phase. From
Equ. (2.12) it is clear that one possible way to enhance theKerr constant is to use
liquid crystals with high dielectric anisotropy. This is whatwas demonstrated by
Rao et al. in 2011. They synthesized polymer stabilized blue phase with a base
nematic liquid crystal of 𝛥𝜀 ≈ 94, which increased the Kerr constant value to
13.7× 10−9𝑚𝑉−2. They could successfully reduce the operating voltage to 48 𝑉 .
The nematic liquid crystal with very high dielectric anisotropy (JC-BP01M)
was synthesized by JNC, Japan [50].
Following the same line of reasoningMerck, Japan also synthesized a base ne-
matic liquid crystal for blue phase, which had even higher dielectric anisotropy.
MDA-UP-BP3 from them has 𝛥𝜀 > 120 at 20 ∘𝐶 [48]. These innovations
have succeeded in bringing down the operating voltages signiﬁcantly, however
they are still not low enough to be practical. High dielectric anisotropy liquid
crystals are also highly viscous which adversely aﬀects the switching speeds.
Diluters have been used to reduce the high viscosity of these liquid crystals
[51].
Shallow fringe ﬁeld penetration
As can be seen from Fig. 2.15(a) the electric ﬁeld lines do not penetrate very
deep in the liquid crystal cells. Many possible improvements have been pro-
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Fig. 2.16.Hysteresis in poly-
mer stabilized blue phase liq-
uid crystals. Adapted from [58].
posed and realized in experiments. Several design improvements have been
proposed to overcome this problem. One such simple design is double sided
in-plane switching cell (DS-IPS). As the name suggest electrodes are present
on both the substrates [52–54]. Fig. 2.15(b) shows an IPS cell with protrusion
electrodes. Several simulations show enhancement in the performance of such
cells [55]. Double sided protrusions have also been proposed [56]. Needless
to say, advanced designs might have high performance in terms of switching
voltages, but fabrication processes become quite involved, and hence cost of
fabrication becomes a concern.
Recently, Yuan et al. combined both the above discussed pathways of very
high Kerr constant liquid crystals and sophisticated electrode designs to bring
down the switching voltage to 5 𝑉 which is the lowest ever achieved value [57].
2.5.2 Hysteresis in polymer stabilized blue phase
Hysteresis appears in systems which exhibit a memory eﬀect. In system show-
ing hysteresis the response of the system depends on its history in addition
to the stimulus. In polymer stabilized blue phase transmission vs. voltage
response exhibits hysteresis. As can be seen from Fig. 2.16, the voltage at which
the transmission become 50% is diﬀerent for increasing and decreasing voltages.
This diﬀerence of voltage at half transmission (𝛥𝑉) is a measure of hysteresis.
The presence of hysteresis is detrimental to reproducible gray scales. Consid-
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erable eﬀort has been made by the research community to reduce/eliminate
hysteresis. The attack on the problem of hysteresis has been three pronged viz.
altering of liquid crystal mixtures, manipulation of blue phase crystal growth
parameters and development of new driving schemes/mode of operations .
In 2011 Fan et al. demonstrated that by controlling the propagation of
polymer chains in blue phase, dense polymer network can be realized close
to the electrodes. This leads to strong anchoring of blue phase which helps
complete and fast restoration of orientations once the ﬁeld is removed. They
succeeded in reducing hysteresis from 6.3% to 0.01% [59].
In 2012 Wang et al. reported virtually hysteresis free behaviour of blue
phase liquid crystals when doped with ferroelectric nanoparticles. BaTiO3
and ZnS nanoparticles (average diameter ≈ 30 𝑛𝑚) not only possess large
dielectric moments but also spontaneous electric ﬁeld polarization. Doping
with ferroelectric nanoparticles also enhances the Kerr constant of polymer
stabilized blue phase liquid crystals [60, 61].
In 2012 Chen et al. demonstrated that the magnitude of hysteresis is related
to the domain size of blue phase liquid crystals. As the temperature is lowered
from the isotropic state and cubic blue phases start to appear, there exists a
competition between homogeneous and heterogeneous nucleation processes.
The homogeneous nucleation of blue phase takes place in the bulk of liquid
crystals and results in random orientation of unit cells. On the other hand
heterogeneous nucleation taking place on the surface of glass substrate results
in orientation controlled domains [62]. By thermally manipulating this com-
petition between homogeneous and heterogeneous nucleation processes, the
authors succeeded in preparing blue phases of larger domains and found the
hysteresis is considerably lower in blue phases with large domains [63]. The
phenomenon of reduced hysteresis on enlargement of domain sizes was also
conﬁrmed by Nayek et al [64].
In 2013 Lan et al. proposed a ingenious driving scheme, in which voltage at
60 𝐻𝑧 was applied as the voltage was increased and the frequency was changed
to 120 𝐻𝑧 as the voltage was decreased. By carefully choosing the driving
frequency for increasing and decreasing voltages, they succeeded in reducing
hysteresis from 4.44% to 0.04% [65].
Tackling the problem from the design end Rao et al. found that below a
certain critical ﬁeld strength hysteresis is negligible. They reported this critical
ﬁeld to be≈ 5𝑉/𝜇𝑚 and designed elliptical protrusion electrodes which ensure
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the maximum ﬁeld remains below this threshold value [66].
In 2012 Cheng et al. proposed a signiﬁcant change in the mode of operation
of blue phase devices. All the reports discussed above use in-plane switching
mode (Fig. 2.15(a)). In vertical ﬁeld switching (VFS) cells two plane electrodes
are on opposite glass plates. They demonstrated that in VFS operation polymer
stabilized blue phases are free from hysteresis. The possible explanation lies
in the uniformity of electric ﬁeld lines present in this VFS cells. For most
of the experiments discussed in this dissertation, VFS cells were used. In
IPS cells the ﬁeld lines are inhomogeneous and near the electrode edges ﬁeld
magnitude can be quite large, leading to signiﬁcant distortion of blue phase
lattice, resulting in hysteresis [67]. This freedom from hysteresis however
comes at an additional cost as it requires a complicated light source. In order
to realize phase retardation the light must traverse the VFS cell at large angles
(≈ 70∘), which requires an addition layer with prismatic structures in it. VFS
mode also shows superior switching speeds in comparison to IPS mode.
2.6 Conclusion
In this chapter an introduction to liquid crystals in general and blue phase liquid
crystals in particular is presented. A small discussion on various experimental
techniques used in the study of blue phases is given. A short report on ﬁnite
diﬀerence time domain simulation, explaining how circular band gap appears
as a direct consequence of the internal structure of blue phases is also discussed.
The chapter concludes with a brief literature review of polymer stabilized blue
phase liquid crystals.
Details create the big picture.
Sanford I. Weill
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3
Long Term Stability of Polymer
Stabilized Blue Phase Liquid Crystals
Once you eliminate the impossible, whatever
remains, no matter how improbable, must be the
truth.
Sir Arthur Ignatius Conan Doyle
OUTLINE OF THIS CHAPTER
Blue phases are present in highly chiral liquid crystals with pitch
lengths typically shorter than 500 𝑛𝑚. Chirality is induced in nematic
liquid crystals by addition of chiral dopants. The high chirality re-
quirement implies higher concentration of chiral dopants, especially
for chiral dopants with low helical twisting powers. This can lead to
crystallization of the chiral dopants which may destroy the uniformity
of polymer stabilized blue phase. This chapter discusses this problem
and its resolution in depth.
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Fig. 3.1.Dendritic features
present in the polymer stabilized
blue phase liquid crystals.
3.1 Introduction
As discussed in chapter 2, blue phases (BPs) naturally exist in a very narrow
temperature range of a few degrees Celsius only and polymer stabilization is
one of the techniques which successfully solves this limitation. A small amount
of monomers (typically ≤ 15% by weight) with photo-initiators is added to
the liquid crystal (LC) mixture. This mixture is injected in a liquid crystal cell.
The sample is heated to the temperature at which BP appears. Maintaining
the sample in BP, photo-polymerization is initiated by exposing it to UV light
and the polymer network thus formed stabilizes BP over a broad temperature
range, exceeding 60∘𝐶 in some cases [1]. The technique of stabilization, as
the name implies, in its true sense must ensure preservation of phase both
over temperature and time. This is however not always the case. We found
that polymer stabilized blue phase (PSBP) prepared with certain commonly
used components, develops highly scattering features in a span of a few days
post polymerization, as is shown in Fig. 3.1. This poses a serious challenge to
the applicability of PSBP in any optical device and eventually defeats the sole
purpose of stabilization.
These defects start appearing roughly 24 hours after polymer stabilization
and continue to grow till they cover the entire cell, as can be seen from Fig. 3.2.
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(a) (b)
(c) (d)
Fig. 3.2. Polarization optical mi-
crograph showing the gradual
evolution of dendrites in a PSBP
cell kept at room temperature
over a period of 48 hours. (a)
After polymer stabilization, (b)
25 hours post polymer stabi-
lization, (c) 37 hours post poly-
mer stabilization and (d) 48
hours post polymer stabilization.
3.2 Experimental
LC cells used in this study are assembled by using 1.1 mm thick ITO coated
glass (Corning 1737F) with a sheet resistance of 20𝛺/ sq (fromPGO,Germany).
Prior to cell fabrication, glass plates were thoroughly rinsed in a sequence of
steps involving overnight soaking in a RBS detergent solution followed by
rinsing in isopropanol and de-ionized water. Polymer spacer balls (PTFE) of
10 𝜇𝑚 diameter (dispensed in methanol) were spin coated on one of the glass
plates and UV curable glue OG116-31 (from Epoxy Technology, USA) was
dispensed along the perimeter of the other. The glue also contains the same
spacer balls mixed in it. The glue pattern is decided based on the ﬁlling method
to be used which is discussed in detail in the next section. To ensure a uniform
cell gap, the cell is placed in a press. In this press the cell is sandwiched between
a top glass and a bottom rubber cushion. The base of the rubber cushion can
be inﬂated by compressed air to uniformly press the cell against the hard top
glass. These glass plates are then glued together by curing the glue using ﬂood
exposure of UV (central wavelength of 365 𝑛𝑚 at 60 𝑚𝑊/𝑐𝑚2) for four minutes
while a pressure of 2 bar is maintained on the cell. Schematics of one such LC
cell is shown in Fig. 3.3. The two glass plates are slightly displaced in order
to facilitate electrical connections to the ITO layer. No alignment layers were
52 CHAPTER 3: LONG TERM STABILITY OF POLYMER STABILIZED BLUE PHASE LIQUID CRYSTALS
Fig. 3.3.An empty LC cell
applied to any of the glass substrates.
Three methods of ﬁlling the LC cells with LC mixtures are described in the
following sections.
Capillary Filling
This is clearly the simplest technique for ﬁlling LC cells. For capillary ﬁlling,
the UV curable glue is dispensed on the perimeter of the glass substrate leaving
two openings on the opposite sides of the LC cell. A small amount of LC is
placed on one of the openings which is dragged inwards by the capillary force,
ﬁlling the cell. Being solely capillary force driven the ﬁlling process is time
consuming and suitable only for small LC cells (e. g. 1″ × 1″). As soon as the
liquid reaches the other open end, ﬁlling stops. Also, capillary ﬁlling might
leave air trapped in the corners of the cell resulting in incompletely ﬁlled cells.
Unless otherwise stated capillary ﬁlling is used in most of the experiments
discussed in this thesis.
Vacuum Filling
As the name indicates, this method involves a vacuum step during the ﬁlling
of the LC cells. The UV curable glue is dispensed leaving only one opening
in the corner of the cell as is shown in Fig. 3.4. The LC cell to be ﬁlled and a
small reservoir containing the LCmixture are placed inside a chamber which is
pumped down to vacuum. After vacuum is created, the opening of the LC cell
is gently dipped in the LC mixture and vacuum is slowly broken. The pressure
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Fig. 3.4. Schematics of
vacuum filling of LC
cells. Adapted from [2]
on the surface of the LC pushes it inside the cell. During the ﬁlling the opening
of the LC cell must remain submerged in the LCmixture, otherwise continuous
ﬂow of LC can not be guaranteed resulting in trapping of air bubbles inside the
cell. Since this method involves comparatively large amounts of LC mixture, it
was not practical to use in this study.
One Drop Filling
The one drop ﬁlling method is the industrial ﬁlling method used in most
TFT-LCDs. A precise amount of LC is placed on one of the substrates and the
counter glass is laminated against it [3, 4]. This method of ﬁlling is also the
fastest and involves the least LC wastage. Also this method does not require
any openings in the LC cell. The method of ﬁlling used in this thesis is a close
replication of this industrial technique. As the exact amount of liquid crystal
was not dispensed, openings in the UV glue were provided for the excess of
liquid crystal to ﬂow out. The steps of dispensing glue and sealing were also
manually carried out.
The LC mixtures in all the cells used in this study, save the one used to
monitor gradual growth of dendrites as discussed above (Fig. 3.2), were intro-
duced in the LC cells at 10∘𝐶 above the BP-Isotropic transition temperature, by
capillary ﬁlling. Themixtures were then cooled to the temperature at which BP
appeared at a cooling rate of 0.1∘𝐶/𝑚𝑖𝑛, in line with the standard practice from
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literature [5–8]. A thermal microscope stage (TS-4 from Physitemp, USA)
was used to control the temperature precisely down to one tenth of a degree
Celsius. Monomers were polymerized by exposing the samples to 1.5 𝑚𝑊/𝑐𝑚2
of uniform UV with central wavelength of 365 𝑛𝑚 (Lightning Cure LC08 from
Hamamatsu, with collimating lens) for 30 minutes, as the sample is maintained
at the blue phase temperature.
This polymer stabilization step was successful and the polymer stabilized
blue phase thus obtained is stable over a broad temperature range. However,
the stability over time is not ensured. The texture starts to deteriorate over
time. The next section is dedicated to the study performed to identify the
phenomenon responsible for the appearance of the dendrites.
3.3 Identiﬁcation of the Root Cause of
Dendrites
In order to identify the causal mechanism and the component responsible for
the appearance of dendritic structures, various LC mixtures were studied. The
individual components used to prepare these mixtures were: four base nematic
LCs - JC-1041XX (Chisso Corporation, Japan), 5CB (Synthon Chemicals, Ger-
many), HTG135400 (HCCH, China), HBG980000 (HCCH, China); two types
of chiral dopants (CD) ZLI-4572 (Merck, Germany), R5011 (HCCH, China);
monomer 2-Ethylhexyl Acrylate (EHA, Sigma Aldrich, Belgium); cross-linker
RM257 (Synthon Chemicals, Germany) and photo-initiator 2,2-dimethoxy-
2-phenylacetophenone (DMPAP, Sigma Aldrich, Belgium). The compositions
of the diﬀerent mixtures in weight % are listed in Table. 3.1. Composition
A1 is adopted from literature [1], and A2 to B3 were optimized in our lab.
Various samples diﬀering in compositions and polymerization states which
were studied are listed in Table 3.2.
To ascertain the key parameter behind this undesirable phenomenon, ex-
periments were performed ruling out one variable at a time.
Eﬀect of heat
On heating the PSBP-LC cell with dendrites in them to approximately 100∘𝐶,
these defects disappear and the cell appears completely dark between crossed
polarizers. However, they quickly reappear once the sample is brought back to
room temperature.
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Table 3.1.Composition of the LC mixtures studied.
Mixture No. LC LC Conc. CD CD Conc. EHA RM257 DMPAP
(wt%) (wt%) (wt%) (wt%) (wt%)
A1 LC1 a + LC2 𝑏 44.2 + 34.1 ZLI-4572 10.1 4.2 7.0 0.4
A2 LC3𝑐 77.3 ZLI-4572 9.9 4.6 7.2 1.0
A3 LC4𝑑 79.0 ZLI-4572 10.2 3.3 6.8 0.6
B1 LC1 + LC2 47.9 + 38.9 R5011 2.9 3.3 6.4 0.5
B2 LC3 88.0 R5011 3.1 4.1 4.4 0.4
B3 LC4 88.4 R5011 3.0 3.5 4.5 0.5
ais JC1041-xx; 𝑏 is 5CB; 𝑐 is HTG135400 and 𝑑 is HBG980000
Table 3.2.Details of the various samples studied.
Sample No. LC Polymerization Sample No. LC Polymerization
Mixture State Mixture State
I A1 polymerized VII B1 polymerized
II A1 unpolymerized VIII B1 unpolymerized
III A2 polymerized IX B2 polymerized
IV A2 unpolymerized X B2 unpolymerized
V A3 polymerized XII B3 polymerized
VI A3 unpolymerized XII B3 unpolymerized
Eﬀect of electric ﬁeld
Fig. 3.5 shows the response of PSBP infested with dendrites to an applied
electric ﬁeld. In Fig. 3.5(a) platelets of BP can be clearly seen pierced by
undesired dendritic features. As a high enough voltage (140 𝑉 DC. in this case)
is applied, LCmolecules switch, leading to the unwinding of the double twisted
helix and the BP is destroyed. Hence this region appears dark between crossed
polarizers, see Fig. 3.5(b). Moreover, the dendritic regions continue to remain
highly scattering. The fact that no signiﬁcant change in the transmission was
observed in response to a strong ﬁeld indicates the absence of liquid crystal
molecules switching. This observation implies that either these regions are not
composed of liquid crystal molecules or the liquid crystal molecules are too
rigidly anchored to switch. However, their mere absence or non-switching is
not a conclusive enough evidence to rule them out as possible culprits.
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(a) (b)
Fig. 3.5. Polarization optical mi-
crograph showing the eﬀect of elec-
tric field on dendrites in PSBP cell,
(a) with V=0 volts and (b) with
V=140 volts (DC).
(a) (b)
Fig. 3.6. Polarization optical
micrograph of samples without
monomer, cross-linker and pho-
toinitiator: (a) after filling, at
room temperature and (b) roughly
24h later.
Eﬀect of polymerization
In pursuance of the causal mechanism, the UV polymerization step was also
scrutinized. But the appearance of needle like features in samples II, IV
(Fig. 3.7(b)) , VI (Fig. 3.7(d)), VIII, X and XII in due course of time exon-
erated UV polymerization from having any role as these samples were left
unpolymerized.
Role of Monomers
Wealso prepared LCmixtureswithout anymonomer, cross-linker and photoini-
tiator in them. The concentration (wt%) of JC1041-xx, 5CB and chiral dopant
are 50.07%, 40.06% and 9.87%, respectively. The weight ratio of JC1041-xx
to 5CB is kept identical to that in sample A1. Fig. 3.6 shows the polarization
optical micrograph of this sample after ﬁlling and roughly 24 hours after ﬁlling,
at room temperature. The texture degrades in these samples as well, leaving us
with the LC and chiral dopant or an interplay between them, being the reason.
It is interesting to note that the physical appearance of the defects in these
samples (Fig. 3.6(b)) diﬀers considerably from those in the PSBP LC cells. The
reason for this is discussed later in the chapter.
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(a) (b)
(c) (d)
Fig. 3.7. Polarization optical mi-
crographs showing dendritic struc-
tures in various samples: (a)
sample III, (b) sample IV, (c)
sample V and (d) sample VI.
Role of external inﬂuences
Normally the openings of the assembled cells, used for capillary ﬁlling, are
left unsealed and dendritic structures start to appear from the open ends. In
order to preclude external inﬂuences such as atmospheric gases, humidity, dust
particles etc. from interacting with the LCs, a hermetic seal was applied. A
small quantity of UV curable glue was dispensed at the two openings of LC cell
and the glue was cured to ensure the sealing of the cell. Dendrites nonetheless
appeared, starting from the ﬁlling end. Hence these causes were also struck
out.
Inﬂuence of nematic liquid crystal
To study the role played by the base nematic LCs, the liquid crystals JC1041-xx
and 5CB were replaced with two diﬀerent nematic LCs HTG135400 and
HBG980000, and mixtures A2 and A3 were prepared. The concentration
to nematic base liquid crystals was kept approximately the same as in A1. Var-
ious properties of the liquid crystals involved are summarized in Table 3.3.
Polarization optical micrographs of the corresponding samples III, IV, V and
VI are shown in Fig. 3.7. Dendrites appeared in PSBP and their unpolymerized
counterparts. So it can be clearly inferred that nematic liquid crystals have no
role whatsoever.
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Flow induced concentration gradient
During experiments with various samples we observed that these dendrites
start appearing from the open end of the cell and grow along the direction
of the ﬂow induced by the capillary ﬁlling process. To understand the role
of ﬂow, which might have a concomitant concentration gradient of diﬀerent
components, we prepared the cell by using the “one drop ﬁlling method” as
described earlier. A drop of the LC mixture is placed in the center of one glass
plate and then it is sealed by putting on the counter electrode. In this cell the
ﬂow occurs from the center, radially outwards. As can be seen from Fig. 3.2, the
dendrites start appearing at both the open ends and grow towards the center,
thereby eliminating the hypothesis of concentration gradient playing a causal
role.
Having systematically ruled out various components and possible factors as
being the cause of dendrites, we are left with the chiral dopant.
Concentration of chiral dopant
We prepared a mixture with a slightly lower concentration of chiral dopant,
with the following composition: ZLI-4572 (9.0%) with JC1041-xx (51.4%) and
5CB (39.6%). As a result of the reduction of chiral dopant concentration by
approx. 1%, no BP was found to be present. Upon cooling from isotropic state,
this mixture transformed to the phase with cholesteric droplets suspended in
isotropic ﬂuid (Fig. 3.8) [9]. Surprisingly, no undesired features developed in
this sample, in due course of time. This unequivocally establishes the chiral
dopant ZLI-4572 as the responsible component. The critical concentration
of ZLI-4572 required to induce BP appears to be close to its solubility limit
in liquid crystals. The concentration dependence of this phenomenon and
the fact that the chiral dopant (ZLI-4572) is a solid at room temperature,
indicates towards its gradual crystallization as being the cause of dendrites in
PSBP-LCs. Crystallization also explains the obvious diﬀerence in the shape of
defects in both polymer stabilized and unpolymerized samples. In the case of
unobstructed growth, crystals tend to grow in straight needle shaped structures,
which is the case in unpolymerized samples. Whereas in PSBP the presence
of polymer networks chains force them to bend, hence the tree branch like
texture.
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Table 3.3. Properties of LCs used in this study.
LC 𝛥𝑛 𝑛𝑜 𝛥𝜀 𝜀⊥
JC1041-xx 0.142 - 5.7 -
5CB 0.190 1.530 11 -
HTG135400 0.165 1.505 36.1 11.5
HBG980000 0.141 1.503 34.3 11
Fig. 3.8. Polarization op-
tical micrograph showing
cholesteric droplets sus-
pended in isotropic fluid.
3.4 Eﬀect of Crystallization on Optical
and Electro-optical Properties of
Polymer Stabilized Blue Phase
Crystallization is a process in which solutemolecules precipitate out of the solu-
tion to their solid crystalline form. Any crystallization phenomenon proceeds
with two processes, namely nucleation and crystal growth [10]. Nucleation is
the coming together of solute atoms in a supersaturated solution. If foreign
particles are present, the nucleation starting around these particles is called
heterogeneous nucleation otherwise the process is termed homogeneous nucle-
ation. As the site of this aggregation exceeds a critical mass, crystal growth
follows. Aggregations smaller than the critical mass tend to dissolve back into
the solution. The relative rates of these two processes, among other param-
eters, dictate the shape and size of the crystals. As crystallization of chiral
dopant proceeds with its phase separation from the liquid crystal mixture, a
concomitant change in its concentration elsewhere is bound to happen. Any
such change is expected to manifest in a variation of optical and electro-optical
properties of the PSBP. With this in mind we performed experiments with
the samples before and after appearance of dendrites, keeping the rest of the
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Fig. 3.9. Experimental setup (a)
for recording the transmission
spectrum (b) (top view) for mea-
suring transmission vs. voltage of
PSBP. WLS is white light source, P
and A are polarizer and analyser,
QWP is quarter wave plate, L1 and
L2 are focusing lenses.
experimental parameters unaltered.
Eﬀect on transmission spectrum
As discussed in the previous chapter, the periodic arrangement of the double
twisted cylinders present in the cubic blue phases results in Bragg reﬂections.
The central wavelength of Bragg reﬂection is given by:
𝜆0 =
< 𝑛 > 𝑝
√𝑙2 + 𝑚2 + 𝑛2
(3.1)
where < 𝑛 > is the average refractive index, 𝑝 is the pitch and 𝑙, 𝑚, 𝑛 are
Miller indices. The full width at half maxima (FWHM) of the reﬂection peak
is given by:
𝐹𝑊𝐻𝑀 = (𝑛𝑒 − 𝑛𝑜) 𝑝 (3.2)
Since the pitch is directly related to the concentration of the chiral dopant, it
is justiﬁable to believe that a change in the chiral dopant’s concentration due to
its crystallization might manifest in a change in Bragg reﬂection characteristics
too.
The schematics of the experimental setup to measure Bragg reﬂection is
shown in Fig. 3.9-(a). White light from a Xenon lamp (from Hamamatsu,
Japan) is converted to circularly polarized light, using a polarizer and quarter-
waveplate. The pass-axis of the polarizer is at 45∘ with the optic axis of the
quarter waveplate. It is ensured that the handedness of circularly polarized
light is the same as that of the chiral dopant used to prepare BP. The light is
then focused onto a spot of approx. 1 𝑚𝑚 diameter on the LC cell containing
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Fig. 3.10. Bragg reflec-
tion before and after crys-
tallization in PSBP-LC.
Fig. 3.11. Transmission ver-
sus voltage, before and after
crystallization in PSBP-LC.
PSBP. A second lens focuses it on to an integrating sphere which is connected
to the spectrometer (USB2000, from Ocean Optics).
Fig. 3.10 shows the Bragg reﬂection before and after the appearance of
dendrites.
Eﬀect on T-V curve
We also measured the transmission vs. voltage curve before and after the
appearance of dendrites in the PSBP cell. Every other experimental parameter
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was left unchanged. The schematics depicting the top view of the experimental
setup is shown in Fig. 3.9-(b). The pass-axis of the polarizer (P) is at 45∘ with
the horizontal plane. A He-Ne laser at 633 nm is used for this measurement,
as this wavelength is outside the Bragg reﬂection region. Fig. 3.11 shows the
transmission vs. voltage curve before and after the crystallization of chiral
dopants.
Contrary to ones expectation, neither the reﬂection spectrum nor the trans-
mission vs. voltage curve change due to appearance of dendrites. From these
measurements it is apparent that the elecro-optical properties of PSBP in the
regions free from crystallization remain unaﬀected. At a ﬁrst look these results
might appear counterintuitive. However, it must be borne in mind that the
polymer network is capable of preserving chirality of the liquid crystal mix-
ture. It was recently shown that the polymer network of a PSBP-LC can act
as a template, capable of inducing BP in non-chiral liquid crystals [11]. This
template is obtained by rinsing PSBP-LC of liquid crystals, chiral dopants and
unpolymerized monomers with acetone or n-hexane.
We believe in our case the polymer network compensates for the marginal
change in the chiral dopant concentration caused by its crystallization, leaving
the properties unchanged. Also, no change in the polarization optical micro-
graph of domains of PBSP was noticeable before and after being surrounded
by dendrites.
We have established the crystallization of chiral dopant ZLI-4572 as the
cause of dendrites and have investigated its impact on electro-optic properties
of PSBP. We next discuss chiral dopants in detail and propose a substitute for
ZLI-4572.
3.5 Chiral Dopant
Chirality implies a structural asymmetry due to which an object becomes non-
superimposable on its mirror image [12]. In chemistry the chiral molecule
and its mirror image are referred to as enantiomers. They belong to the class
of isomers known as stereoisomers. Despite having identical chemical for-
mulas, identical atom-atom bonds etc. they might diﬀer drastically in their
properties. Chirality is a microscopic structural property whose macroscopic
manifestation is optical activity. An optically active compound rotates the
plane of linearly polarized light passing through it. If the compound rotates
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the plane of polarization to the right (clockwise) as it approaches the observer,
the medium is called dextrorotatory and if the direction of rotation is to the
left (anti-clockwise) the medium is called levorotatory. Enantiomeric pairs
have opposite rotatory powers [12]. Precise measurement of the magnitude
of this rotation serves as a means of measurement of concentration of chiral
component in the solution.
Chiral dopants are optically active compounds which when dissolved in
small quantities of liquid crystals, transfer their molecular chirality to the sol-
vent, resulting in the appearance of macroscopic helical cholesteric structure.
A cholesteric state is characterized by its handedness and the pitch. Chiral
dopants diﬀer in their capacity of inducing twist to a nematic LC.The eﬀective-
ness of a chiral dopant is characterized by its Helical Twisting Power (HTP),
which is deﬁned as:
𝛽 =
1
𝑝𝑐𝑟
where, 𝑝 is the pitch (𝜇𝑚), 𝑐 is the concentration of chiral dopant (weight
fraction) and 𝑟 is its enantiomeric purity.
Chiral dopants belong to broadly two classes:
1. Asymmetric center
2. Axially chiral
Asymmetric center chiral dopants have a chiral center in their molecular
structure. The most common example of an asymmetric center is the carbon
atom bonded to four diﬀerent groups. ZLI-4572 belongs to this class of CDs.
The chiral center in ZLI-4572 is indicated by “R” *(Fig. 3.12(a)).
Axially chiral molecules are very diﬀerent from the former class as they
do not possess any chiral center. Instead they have an axis about which the
rotation of substitutes is not possible due to one of the several reasons viz. steric
hindrance [14], multiple bonds etc. R5011 belongs to this class of chiral dopants
and is an atropisomeric biaryl compound, in which the rotation is restricted
about a aryl-aryl single bond (3.12(b)). Axially chiral dopants generally have
much largerHTPs [15] than the asymmetric center ones. Axially chiral dopants
with HTP > 750 𝜇𝑚−1 have been demonstrated [16]. As we have discussed in
*R standing for Rectus and ”S” standing for Sinister are symbols assigned to each chiral center
based on Cahn–Ingold–Prelog priority rules (CIP) [13]. They is no direct relationship between
dextro/levo nature of a compound to its sign of optical activity.
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(a)
(b)
Fig. 3.12.Molecular structure of
chiral dopants: (a) asymmetric
centerZLI-4572 and (b) axially chi-
ral R5011.
chapter 2, BPs appear only in highly chiral limits (pitch less than 500nm) in
liquid crystals. This directly translates to the fact that the critical concentration
of chiral dopant required to induce BP in a given nematic LC is inversely
proportional to its HTP. The HTP of ZLI-4572 is 37.6 𝜇𝑚−1 [17], whereas for
R5011 it is > 100 𝜇𝑚−1 [18].
Liquid crystal mixtures B1, B2 and B3 have R5011 as the chiral dopant. The
ratio of concentrations of JC1041-xx to 5CB in B1 is kept close to that of A1.
Only ∼ 3% of R5011 is enough to induce BP as opposed to ∼ 10% for ZLI-4572.
Samples VI to XII, prepared with R5011 remained free of any crystallization.
Stabilization in its true sense was achieved, as the samples remained stable and
free of any undesired eﬀect for months.
3.6 Conclusion
The focus of this chapter was on the problem arising out of crystallization of the
chiral dopant in PSBP-LCs. It was reported that contrary to the popular belief
“chiral dopants with moderate HTP induce BP stable over a large temperature
range, whereas some chiral dopants with high HTP induce BP in a very small
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temperature range” [17]. Our study adds a caveat to it. Although chiral dopants
with lowHTP values might result in a broader temperature range of BP, caution
must be exercised as the high concentration requirement of these chiral dopants
might result in the problems discussed in this chapter. Also the solubility of
chiral dopants in the nematic LC base is of paramount importance when
preparing PSBP-LCs. In essence it is a trade-oﬀ between ease of operating and
true long term stability of PSBP-LCs in which the latter prevails.
A spark neglected burns the house.
Leo Tolstoy
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4
Eﬀect of Alignment Layers on Blue
Phase Liquid Crystals
An expert is a person who has made all the
mistakes that can be made in a very narrow ﬁeld.
Niels Bohr
OUTLINE OF THIS CHAPTER
Blue phase liquid crystals are being received as a promising candidate
material for the displays of the future. The non-requirement of
alignment layers is one of the various appealing aspects of this material.
However, the eﬀect of alignment layers on blue phases is nonetheless
very intriguing. This chapter is devoted to the experimental ﬁndings
of the inﬂuence of alignment layers on blue phase liquid crystals and
how can it be used to our beneﬁt.
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Fig. 4.1.Alignment of liquid crys-
tal on a substrate . Adapted from
[1].
4.1 Alignment Layers
Control over the orientation of the liquid crystal molecules lies at the core of
virtually all nematic liquid crystal based devices. By controlling the orientation,
control over the eﬀective refractive index is exercised. This in turn controls the
phase retardation experienced by the light traversing the device. In the ON
state, the orientation is dictated by the electric ﬁeld. It is the OFF state where
alignment layers come into play. These layers deposited on the surface impose
preferential anchoring of the liquid crystal molecules in their neighborhood,
which is then propagated to the bulk by the tendency of liquid crystal molecules
to align with each other to minimize elastic energy [2, 3]. In the following
section, major technologies used to achieve alignment of liquid crystals are
discussed.
4.1.1 Rubbed alignment layers
This is the most dominant alignment technology, widely used in the present
day liquid crystal display production. It was ﬁrst reported more than a century
ago byMauguin that the liquid crystal molecules tend to align on certain layers
of rubbed organic materials [4].
In this technique, a thin layer of selected organic material is spin coated on
the substrate. The spin coated sample is ﬁrst heated to evaporate the solvent
and then baked in an oven for the polymer to cross-link. This polymer layer is
then rubbed with a rayon-cloth mounted on a cylinder, in a rubbing machine.
The obtained alignment depends upon the liquid crystal, material used for
alignment and also on the processing parameters of the alignment layer viz.
pressure of rubbing, speed of rubbing cylinder etc. The orientation in both
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Fig. 4.2. Schematics of the
evaporator used for the depo-
sition of the SiO2 alignment
layers. Adapted from [7].
azimuthal (in-plane angle, 𝛷 in Fig. 4.1) and polar angles (out of the plane
angle, 𝜃 in Fig. 4.1) can be achieved by this technique [5].
Various candidate materials were evaluated by researchers, for example
polyvinyl alcohol, acrylic polymers, polyimides and vinyl polymers. Finally,
because of their better stability and superior electrical properties, polyimides
were found to be most suitable [6].
There are certain drawbacks of this alignment technique. Being a harsh
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contact process, the risks of physical damages are always present. The rubbing
of the polyimide layer with a cloth also leads to static charge which can be
detrimental to thin ﬁlm transistors (TFTs). Furthermore, the ﬁbers of the
rubbing cloth can be a potential pollutant to the cleanroom environment. Also
the polyimide ﬁlm deposited on the substrate requires baking at high temper-
atures. This baking step makes this process unusable for polymer substrates
whose glass transition temperature is lower than the temperature of baking.
Finally, to top it all, despite the apparent simplicity of this method, the exact
mechanism of LC alignment is not completely understood [6]. Two theories
have been proposed to explain the mechanism of liquid crystal orientation (a)
micro-grooves induced orientation [8, 9] and (b) intermolecular interaction
between the long polymer chains and the liquid crystal molecules [10, 11].
The cells with rubbed alignment layers used in the study which is discussed
in this chapter are from a commercial supplier (Instec).
4.1.2 Obliquely evaporated SiO2 alignment layers
Oblique deposition of SiO2molecules evaporated by an electron beam is known
to act as an alignment layer for liquid crystal molecules [12].
There are certain advantages of using this technique, most importantly it is
a non-contact process. Absence of physical contact eliminates the associated
problems of static charge which as discussed can be detrimental to certain
devices and also the possibility of contamination arising from contact. The
chances of damaging the sample are also much lower in comparison to rubbing.
No high temperature baking step is required in the deposition of obliquely
evaporated SiO2 alignment layers, which makes this method applicable to
polymer substrateswhich are not amenable to the post-bake step involved in the
rubbed alignment layers. Furthermore obliquely evaporated SiO2 alignment
layers achieve the alignment of liquid crystals for a thickness smaller than what
is required for their rubbed alignment layer counterparts.
One speciﬁc embodiment of the evaporator is shown in Fig. 4.2. SiO2 gets
evaporated by an electron beam and travels towards the top of the chamber.
Samples are mounted at an angle with the molecular beam, on a carousel which
is rotated by a motor. By changing the angle of mounting of samples, the angle
of deposition, which is a crucial parameter in the resulting orientation of liquid
crystals, can be altered.
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Fig. 4.3. Schematics of re-
versible photo-alignment layer
based on cis-trans isomeriza-
tion. Adapted from [14].
Like rubbed alignment layers, the exact mechanism of working of obliquely
evaporated alignment layers is also not completely understood. The experi-
mental observation that liquid crystals with positive anisotropy align homoge-
neously whereas liquid crystals with negative anisotropy align homeotropically,
indicates the role of dipole-dipole interaction as being the driving force [7, 13].
The alignment layer used in this study was 6 𝑛𝑚 thick and the deposition an-
gle was 45∘. In the nematic liquid crystals used in this study, namely JC1041-xx
and 5CB, these alignment layers induce a homogeneous alignment with a small
pretilt.
4.1.3 Photoalignment
Transformation of a media from isotropic to anisotropic by linearly polarized
light (the Weigert eﬀect) is known since 1920 [15]. It was not until 1991, when
Gibbons et al. ﬁrst demonstrated alignment of nematic liquid crystals by po-
larized laser light, that the photoalignment technique gained prominence [16].
It is a non-contact alignment technique, where the LC alignment is a result
of material modiﬁcation of the “command layer”, induced by the polarized
light [17]. This modiﬁcation can be a photo-induced cis-trans isomerization
of an azo-compound manifesting in switching of the liquid crystal alignment
from homeotropic to homogeneous [18]. Control of in-plane orientation of
LC molecules by linearly polarized light in azo dye-doped polyimides has also
been demonstrated [16]. Liquid crystal molecules tend to orient perpendicular
to the direction of the polarization of light. The photo-isomerization based
switching of orientations is reversible in nature. Fig. 4.3 shows how photoi-
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(a)
(b)
Fig. 4.4. Polarization optical mi-
crograph of BP appearing in cells
(a) with and (b)without alignment
layers at 44 ∘𝐶.
somerization results in a reversible homogeneous to homeotropic alignment
change in nematic liquid crystals. Sharp Inc. introduced an LCD utilizing
photoalignment in the year 2010 [19].
4.2 Eﬀect of Alignment Layers on
Blue Phase Liquid Crystals
We observed that alignment layers have considerable inﬂuence on the BPLCs.
Comparing the texture of blue phase in LC cells with (Fig. 4.4(a)) and without
alignment layers (Fig. 4.4(b)), at the same temperature, it can be clearly seen
that the texture in the former is much more uniform. BP in the absence
of alignment layers looks polycrystalline, whereas with alignment layers the
texture is more uniform. However, the texture of BPLC can be very deceptive.
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(a) Bragg reflection shows a blue shift with increasing temperature
(b) Bragg reflection pinned by the alignment layers
Fig. 4.5. Pinning of the band gap
of BPLC by the alignment lay-
ers. (a) shows the > 120 𝑛𝑚
shift of the Bragg reflection peak
in a cell without alignment layer
and (b) shows the invariance
of the band gap to temperature
change. Adapted from [20].
Apart from spotting the presence of BP not much can be concluded from
texture only. This was a suﬃcient enough reason for us to take a deeper look.
To put the study in perspective, what was already known from literature is
summarized in the next section.
4.2.1 Literature review: eﬀect of alignment layers
The pinning eﬀect
In 2011, Liu et al. reported the “pinning eﬀect” of alignment layers on BP
domains, whereby the photonic band-gap of BP becomes almost invariant to
temperature change (Fig. 4.5). They demonstrate this phenomenon for both
rubbed polyimide alignment and photalignment cells [20]. As discussed later,
our results are at odds with this particular ﬁnding.
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Fig. 4.6.Deceptive texture of Blue
Phase
Enhanced Kerr constant
In 2012, Nayek et al. studied the eﬀect of alignment layers too and found
that polycrystalline platelets of multi-domain BP merge into a mono-domain
This leads to the enhancement of the Kerr constant, consequently reducing the
operating voltage (by∼ 27%). Hysteresis was reduced by 63% and transmission
eﬃciency almost doubled [21].
Enhanced uniformity
In 2013, Yan et al. reported the results of a study directed towards the realiza-
tion of a reﬂective display based on PSBP, in which they experimented with
interaction of alignment layers with BPs before polymer stabilizing [22]. Rub-
bing of polyimide was used for alignment. They found that cells with rubbing
directions that yield homogeneous and twisted nematic conﬁgurations, both
lead to a uniform texture of BP with narrower Bragg reﬂection.
Tensorial nature of Kerr constant
In 2015, Kawata et al. demonstrated that thewidely believed to be isotropicKerr
constant of BP was in fact anisotropic [23]. By using homogeneous alignment
layers they aligned BPIwith planes [200] and [100] parallel to the glass substrate.
They found that the Kerr constant for samples with [100] oriented parallel to
substrate was 20% higher than that of samples with [200] oriented parallel to
substrate.
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Fig. 4.7. Experimental setup
to simultaneously character-
ize BP transmission spec-
tra and switching speeds.
4.2.2 Identiﬁcation of diﬀerent types of BPs
As discussed in chapter 2, there are three types of thermodynamically stable
blue phases, namely BPI, BPII and BPIII. Not all of them exist in every chiral
liquid crystal having blue phases. Unlike the former two, BPIII does not have
a long range order and is believed to be an amorphous distribution of double
twist cylinders [24]. Hence it lacks the colorful platelet texture shown by BPI
and BPII, making its identiﬁcation not so straight forward. However, the real
diﬃculty lies in distinguishing BPI from BPII. The Fig. 4.6 shows the texture
of BP in one speciﬁc LC cell, where the left half has distinct colorful platelets
and the right half is rather uniform. The cell does not have any alignment
layers. It is tempting to declare one is BPI and the other is BPII, however such
a conclusion will be erroneous. As the entire sample is maintained at the same
temperature, chances of having both BPI and BPII are rather low. Moreover
textures of BP appearing in mixtures with slightly diﬀerent compositions also
diﬀer. Recording a thermodynamic phase transition is one of themost accurate
and convenient ways of identifying them. Measurement of the Kossel diagrams
can also be used to identify blue phases with high accuracy.
Thermodynamic phase transitions are associated with discontinuous
changes in the derivatives of free energy. Depending upon the order of the
derivative which is discontinuous, phase transitions are classiﬁed as ﬁrst order,
second order and so forth [25]. It was the careful measurement of the evolution
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of speciﬁc heats [26] and density [27] with temperature, which ﬁrst established
the diﬀerent types of BPs as stable thermodynamic phases. However, the un-
availability of high resolution diﬀerential scanning calorimetry forced us to
look elsewhere.
As has been discussed in chapter 2, BPI and BPII both exhibit Bragg reﬂec-
tion, and the lattice constant of BPI is twice that of BPII. Owing to this, peak
reﬂection wavelengths for BPI and BPII diﬀer considerably. We recognized
that a sudden discontinuity in the peak Bragg reﬂection can be used to identify
a phase change from BPII to BPI. Hence, in this study we recorded the changes
in peak Bragg reﬂection wavelength in response to changes in temperature to
identify the phase changes.
4.2.3 Experimental
The schematics of the experimental setups used is shown in Fig. 4.7. The
horizontal section facilitates themeasurement of transmission spectra, whereas
the oblique setup allows measurement of switching speeds. In the horizontal
arm, WLS is the broadband white light source, P’ is the polarizer with its pass
axis aligned at an angle of 45∘ with the c-axis of the quarter-wave plate (QWP)
to generate circularly polarized light with the same helical sense as that of the
chiral dopant, L1 is a lens which focuses the light beam to a small spot on the
samples, L2 focuses the light leaving the LC cell on the integrating sphere which
is connected to a spectrometer (S) by a light guide. On the oblique arm P and
A are the polarizer and analyzer, respectively. PD is the photodiode, connected
to an oscilloscope (not shown in the ﬁgure). Two diﬀerent spectrometers
were employed for recording spectra, USB2000 from Ocean optics for the
visible region and LAMBDA35, PerkinElmer for UV. In order to minimize
noise, spectra at every temperature were measured ﬁve times and subsequently
averaged. Transmittances were normalized with respect to the transmission of
the BP cell in the isotropic state.
The oblique setup which is used to measure the switching speeds of the
blue phase has a vertical ﬁeld switching (VFS) connected to a 10𝑋 ampliﬁer
following a function generator which are not shown in the setup. The liquid
crystal cell is mounted on the heating stage to precisely control the temperature
to the tenth of a degreeCelsius. Switching speedmeasurementswere carried out
using a red He-Ne laser at 633 nm and an avalanche photo-diode (C 5460–01,
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Table 4.1.Details of diﬀerent LC cells used in this study.
Type 1 9 𝜇𝑚 thickness, with rubbed polyimide antiparallel alignment
layers
Type 2 10 𝜇𝑚 thickness, with obliquely evaporated SiO2 antiparallel align-
ment layers
Type 3 10 𝜇𝑚 thickness, without alignment layers
Fig. 4.8.Oily streaks of
chiral nematic phase.
Hamamatsu), as this wavelength falls just beyond the Bragg reﬂection range of
BPLCs.
The three types of LC cells used in this study are listed in Table. 4.1. The
9 𝜇𝑚 cell was supplied by Instec and the rest of the cells were fabricated in our
lab. The assembly process is described in Sec. 3.2. The BPLC mixture studied
had the following composition (in wt. %): nematic LC JC1041-xx (48.18 %)
and 5CB (38.08 %), chiral dopant R5011 (3.2%), monomer EHA (3.43 %),
cross-linker RM257 (6.66 %) and photo-initiator DMPAP (0.52 %). Notice the
use of chiral dopant R5011, which does not result in crystallization, hence the
polymer stabilized blue phase remains free from dendrites.
4.3 Results and Discussion
We started with the capillary ﬁlling of the cells at room temperature. At
room temperature the ﬂow induces planar anchoring of the molecules at the
surface of glass substrates, hence the helix of the chiral nematic (N∗) phase gets
oriented along the normal to the LC cell [28]. The characteristic oily streaks of
the chiral nematic phase can be seen in Fig. 4.8. Oily streaks are a network of
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defect lines which are not static in nature. Samples with oily streaks left over
time show coarsening of these streaks, which leaves uniformly aligned samples
with the helix perpendicular to the substrate [29]. It is important to notice
that this alignment is brought about by the ﬂow, and that is why this texture
can be observed even in cells without any alignment layers.
All three types of cells ﬁlled with LC mixture were then characterized using
the setup shown in Fig. 4.7. A staggered heating/cooling scheme involving a
heating/cooling rate of 0.1∘𝐶/𝑚𝑖𝑛 and 1 𝑚𝑖𝑛 of hold at every tenth of a degree
Celsius was applied.
4.3.1 Heating cycle
As can be seen from Fig. 4.9(b), as the sample is heated to 43.9 ∘𝐶, the peak
Bragg reﬂection wavelength 𝜆0 remains within 5 nm of its value at 30 ∘𝐶.
Fig. 4.9(b) shows the results for type 1 and type 3 cells only, as the results for
type 2 and type 1 samples are nearly the same. The ﬁrst discontinuity in 𝜆0
occurs at 44 ∘𝐶. As can be seen from the Fig. 4.9(a) this comes about due
to a broadening of the reﬂection peak. Such broadening might result from
the stacking of two N∗ layers reﬂecting at slightly diﬀerent wavelengths. It is
interesting to note that an identical feature was also observed in type 3 cells in
which the alignment layers were not present, for the same temperature. The
exactmechanism behind this phenomenon of broadening of the reﬂection peak
is not completely understood. As the temperature is gradually increased, the
value of 𝜆0 returns to its value at 44 ∘𝐶, almost in a linear fashion. With further
increase in temperature the second discontinuity in 𝜆0 appears at 44.7 ∘𝐶,
this time only in type 1 cells. The magnitude of change is more than 70 nm.
This discontinuity is a signature of the phase transition from 𝑁 ∗ to BP. It is
also noteworthy that reﬂection peaks after this transition are sharper than
those of their N∗ counterparts. The type 3 cell goes to the isotropic phase at
44.7 ∘𝐶 and Bragg reﬂection vanishes. This characterization of samples without
alignment layers is only possible once, as heating to BP and then to isotropic
phase destroys the planar alignment induced by the ﬂow. Subsequent cooling
down to room temperature leaves the sample in a focal conic state.
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(a)
(b)
Fig. 4.9. (a) Shows the reflection
spectra measured at various tem-
peratures in a heating cycle for
type 1 cell and (b) shows the vari-
ation of the peak Bragg reflection
wavelength (𝜆0) with temperature.
4.3.2 Cooling cycle
During the course of experiments it was found that a more uniform BP was
obtained in the cooling process. A possible explanation of this observation
can be found in the topological construct of BPs. They are constituted of
double twisted cylinders. The geometrical stacking of double twisted cylinders
needs the presence of elastically distorted connecting domains and of singular
lines with undeﬁned director orientations [30]. Approaching from the high
temperature isotropic state favors heterogeneous nucleation, hence larger BP
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domains [31]. Also the phenomenon of super-cooling extends the temperature
range of existence of diﬀerent BPs [32]. The results presented in the rest of the
chapter are from cooling cycles.
Polarization optics micrograph
Table 4.2 shows the polarization optics microgrpahs (POM) of BPs in all three
types of cells. It is obvious from the inspection of the POMs itself that textures in
the cell without alignment layers diﬀer remarkably from those with alignment
layers. This diﬀerence is especially pronounced for higher temperatures. In
type 3 cells just below clearing temperatures (table 4.2(a) - table 4.2(c)) small
bright scattering domains can be seen surrounded by a dark blue bulk, which
itself has round edged platelets. However, in type 1 and type 2 cells the textures
are much more uniform. In type 1 samples (table 4.2(m) - table 4.2(o)), the
domains seem to have aligned along the rubbing direction. As temperature
is lowered further they ﬁrst merge forming larger domains along the rubbing
direction and then in the lateral direction.
We believe that the topological defects created by rubbing are responsible
for this behavior. In type 2 cells, which are prepared by oblique evaporation of
SiO2 layers as alignment layers, no such defects are present and hence no such
alignment of domains was observed. It must be borne in mind that rubbed
alignment layers have higher anchoring strengths than those of obliquely evap-
orated SiO2 layers.
At temperatures below 44.5 ∘𝐶 the characteristic platelet texture of BP was
found to be present in all three types of cells.
Bragg reﬂection
As mentioned earlier in the chapter, the texture of liquid crystals can be quite
deceptive when it comes to identifying the thermodynamic phase.
In order to better understand the phase present above 44.5 ∘𝐶 and the diﬀer-
ence caused by the alignment layers, we studied how the peak Bragg wavelength
evolves as the temperature is gradually lowered with the staggered cooling
scheme described above. Fig. 4.10 shows how the reﬂection spectrum evolves
for a type 1 cell as the sample is cooled from the isotropic phase to BP.
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Fig. 4.10.Reflection spectrum at
various temperatures for a type 1
cell. The results for type 2 cells
are very similar. The discontinu-
ity in the peak Bragg reflection
wavelength at44.5 ∘𝐶 indicates the
phase change from BPII to BPI.
Fig. 4.11. Transmission spec-
trum of type 3 cell above 44.5 ∘𝐶.
Two discontinuities can be clearly identiﬁed. The smaller peak around 500
nm corresponds to the N∗ phase. The changes in the peak Bragg wavelength
(𝜆0) as the temperature is gradually decreased are depicted in Fig. 4.12, for all
three types of cells. In type 3 cells (Fig. 4.12-(c)), without alignment layers, no
Bragg reﬂection was found to be present for temperatures greater than 44.5 ∘𝐶.
This could mean two things, either no cubic blue phase is present or BP is
reﬂecting in the UV regions, which our spectrometer USB2000 is not capable of
measuring. Both for type 1 (Fig. 4.12-(a)) and type 2 cells (Fig. 4.12-(b)), sharp
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reﬂection peaks in the visible regions are present above and below 44.5 ∘𝐶. This
indicated the presence of one of the cubic blue phases in both temperature
regimes. It is worth noting that the Bragg reﬂection peaks shown in the insets
of Fig. 4.12, is very narrow. The full width at half maximum (FWHM) are
smaller than 15 nm, sharper than any reported value in the literature.
The discontinuity in 𝜆0 of 65 nm is a sign of phase transition from BPII to
BPI [33, 34]. This clearly implies that the phase present above 44.5 ∘𝐶 is BPII
and the one below 44.5 ∘𝐶 is BPI.
Referring to the Fig. 4.12-(c) it can be concluded that the Bragg peaks present
are from BPI as well. This raises two fundamental questions:
1. What happened to BPII in the cells without alignment layers?
2. Why is the eﬀect of alignment layers much more pronounced on BPII?
The rest of the experiments strive to answer these two questions. Taking
a closer look at table 4.2(a) - table 4.2(c), platelet like structures do seem
to be present. If BPII is indeed present, then the only reason for its Bragg
reﬂections not appearing in the measurements can be the limitation of the
spectrometer. We measured the switching speeds to establish this phase as
BPII. It is well known that BPs possess sub-millisecond switching times [35].
This measurement was done using a red He-Ne laser operating at 633 nm using
the oblique arm of the experimental setup (Fig. 4.7). The laser beam traverses
the VFS cell, which is sandwiched between crossed polarizers, at an angle of
45∘ . The pass axis of the polarizer is such that E-ﬁeld of light makes an angle
of 45∘ with the plane containing the propagation direction of light and the
optic axis of the PSBP-LC. It is worth keeping in mind that, although BP is
macroscopically isotropic, the electric ﬁeld induces anisotropy which has its
optic axis in the direction of the applied ﬁeld.
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Fig. 4.12.Variation of the peak
Bragg reflection wavelength as a
function of temperature for cells
of (a) type 1, (b) type 2, and (c)
type 3. The insets present a single
transmission spectrum belonging
to the respective phase.
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AsquarewaveACof 40𝑉𝑟𝑚𝑠 at 1 𝑘𝐻𝑧was applied to the cell and the switching
on and oﬀ speeds (time between 10% and 90% change in transmission values)
were found to be 364 𝜇𝑠 and 167 𝜇𝑠, respectively (Fig. 4.13). The existence of
this phase between BPI and isotropic phases, the presence of platelets and its
sub-millisecond response times, clearly establishes this phase to be BPII
It is safe to conclude that in type 3 cells, without alignment layers, BPII do-
mains possess Bragg reﬂection in the UV regions. In order to verify this claim
we repeated the measurement of transmission spectra using the LAMBDA35
spectrometer capable of measuring wavelengths in the UV region. However
owing to the limitations of the setup, this measurement was carried out without
a polarizer and quarter wave plate. Also the liquid crystal cell was assembled
using borosilicate glass, which is transparent in the UV region. The transmis-
sion spectrum is shown in the Fig. 4.11. The peak reﬂection wavelength is 338
nm. We believe that the BPII domains get reoriented under the inﬂuence of
alignment layers and as a consequence Bragg reﬂection shifts from 338 nm
to 486 nm. This phenomenon is quite interesting. No major reorientation of
domains was recorded for BPI. To the best of our knowledge, alignment layers
selectively inﬂuencing BPII has not been reported in literature.
We then polymer stabilized both BPI and BPII by illuminating the samples
at respective temperatures with 50 𝑚𝑊/𝑐𝑚2 of UV light centered at 365 nm for
4 seconds. There seem to be no apparent change in the polymer stabilization
characteristics due to alignment layers.
Selective inﬂuence of alignment layers on BPII
Why the alignment layers aﬀect BPII the way they do, is not an easy question to
answer. However we can take a detour and reﬂect on all possible ways in which
BPII diﬀers from BPI. First and foremost is the diﬀerence in arrangement of
double twisted cylinders in the two phases. In BPI these cylinders are arranged
in such a fashion that the lattice constant is equal to the pitch and symmetry is
that of body centered cubic (bcc) crystal. Whereas in BPII the lattice constant
is equal to half of the pitch and symmetry is simple cubic (sc). BPI and BPII
also diﬀer in the fraction of volume occupied by the double twisted cylinders
per unit cell. The length of disclination lines per unit cell is also diﬀerent in
BPI and BPII. After being switched by a strong ﬁeld BPII takes a completely
diﬀerent pathway to recovery when the ﬁeld is removed, achieving complete
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restoration where as BPI remains trapped in metastable conﬁgurations [36].
BPII switching dynamics are faster than BPI [34]. Given all these diﬀerences,
it is all but obvious to expect their response to the presence of alignment
layers to be diﬀerent. All this still leaves the question wide open for further
investigations. Performing the same study by measuring the Kossel diagrams
at every temperature can provide much deeper insight. Kossel diagrams have
been used to index platelets of BP [33], to study the changes in symmetry from
cubic to tetragonal in BPI crystals due to an external electric ﬁeld [37] and to
determine precise space groups of hexagonal symmetry BP obtained by ﬁeld
induced phase transitions in BPII [38]. Unfortunately, this experiment could
not be performed owing to limitations of time and resources.
Homogeneous and heterogeneous nucleation
Competition between homogeneous and heterogeneous nucleation of BP do-
mains can be used to explain how alignment layers assist inmaking the domains
grow larger and render the texture more uniform. As the LC mixture is cooled
from isotropic state, BP starts to appear. Homogeneous nucleation takes place
in the bulk. On the other hand heterogeneous nucleation starts on the glass
substrates, hence under the inﬂuence of alignment layers. Former proceeds
rather randomly, resulting in polycrystalline BP whereas the latter gives rise to
uniform domains [31]. In a normal cell without alignment layers, these two
processes compete and the bulk constituting the larger part of the volume wins.
Whereas in case of alignment layers it is the heterogeneous nucleation process
which outshines the homogeneous and hence we obtain larger domains with
uniform textures.
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Fig. 4.13. Switching
speed of BPII.
4.4 Conclusion
In this chapter the eﬀect of homogeneous alignment layers on blue phase
liquid crystals is discussed. This study shows that the eﬀect of homogeneous
alignment layers on BPII is muchmore pronounced than on BPI. BPII domains
get reoriented under the inﬂuence of alignment layers and the peak Bragg
reﬂection wavelength shifts from the UV region to visible region. The inﬂuence
of alignment layers on BPI is not so pronounced.
To raise new questions, new possibilities, to regard
old problems from a new angle, requires creative
imagination and marks real advance in science.
Albert Einstein
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5
Dual Frequency Mode of Blue Phase
Liquid Crystals
The science of today is the technology of
tomorrow.
Edward Teller
OUTLINE OF THIS CHAPTER
Polymer stabilized blue phase liquid crystals are macroscopically
isotropic. Electrically induced birefringence, based on the Kerr eﬀect,
makes the medium anisotropic. This mechanism is at the core of vir-
tually all optical devices utilizing blue phase liquid crystals. However,
the achievable change in magnitude of the refractive index is rather
small. This chapter discusses a possible resolution of this limitation
by the use of dual frequency liquid crystals in blue phase.
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5.1 Motivation for Dual Frequency
Liquid Crystals in Blue Phase
Kerr Eﬀect
BPI and BPII possess microscopic cubic symmetry in their director ﬁelds
[1]. Cubic systems, though potentially anisotropic for various properties viz.
elasticity, photo-elasticity etc. happen to be isotropic for refractive index [2].
Anisotropy is induced when an external ﬁeld is applied. Owing to the micro-
scopic cubic symmetries in BPI and BPII, the lowest order nonlinearity present
is of third order, the Kerr eﬀect [3]. The magnitude of birefringence induced
by an external ﬁeld is given by:
𝛥𝑛 = 𝜆𝐾𝐸2 (5.1)
where 𝜆 is the wavelength of the probing light,𝐾 is the DCKerr constant and
𝐸 is the magnitude of the ﬁeld applied. As the induced birefringence cannot
exceed the birefringence of intrinsic liquid crystal molecules constituting BP,
the expression for Kerr eﬀect in equation (5.1) is modiﬁed by what is known
as the extended Kerr model: [4]
𝛥𝑛 = 𝛥𝑛𝑠𝑎𝑡
⎛
⎜⎜⎜⎜⎝1 − 𝑒𝑥𝑝
⎡
⎢⎢⎢⎢⎣− 􏿶
𝐸
𝐸𝑠𝑎𝑡
􏿹
2⎤⎥⎥⎥⎥⎦
⎞
⎟⎟⎟⎟⎠ (5.2)
where 𝛥𝑛𝑠𝑎𝑡 is the saturation birefringence and 𝐸𝑠𝑎𝑡 is the saturation elec-
tric ﬁeld. These parameters are usually extracted by performing a ﬁtting on
experimental data and are discussed in detail elsewhere in the thesis.
Index Ellipsoid
The eﬀect of an applied electric ﬁeld on BPLC can be conveniently visualized by
means of an index ellipsoid. An index ellipsoid is the quadratic representation
of the dielectric impermeability tensor 𝜼 = 𝜀0𝜺−𝟏:
􏾜
𝑖𝑗
𝜂𝑖𝑗𝑥𝑖𝑥𝑗 = 1 (5.3)
where summation over repeated subscript is assumed and 𝑥𝑖 is an arbitrary
coordinate axis. Working in principal coordinate system, Equ. (5.3) reduces to:
𝑥21
𝑛21
+
𝑥22
𝑛22
+
𝑥23
𝑛23
= 1 (5.4)
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Fig. 5.1. Index ellip-
soid. Adapted from [5].
where 𝑥1, 𝑥2 and 𝑥3 are the principal coordinate axes and 𝑛1, 𝑛2 and 𝑛3 are the
refractive index values. In the case of an uniaxial medium, the index ellipsoid
reduces to an ellipsoid of revolution and for an isotropic medium it is a sphere
[6]. The refractive index experienced by the light can be worked out graphically
from the index ellipsoid. We draw a plane perpendicular to the direction of
propagation of light (?̂?) passing through the origin (the center of the index
ellipsoid in principal coordinate axes). This plane will cut the index ellipsoid in
an ellipse, the semi-minor and semi-major axes of which will give the refractive
indices of the two orthogonal modes, as shown in the Fig. 5.1.
5.1.1 Induced anisotropy in blue phase
As has been discussed, BPI and BPII are cubic phases, which results in their
refractive index being an macroscopically isotropic property [2]. As an ex-
ternal ﬁeld is applied, molecules tend to align along or normal to the ﬁeld
depending upon the sign of their dielectric anisotropies. This results in a
change in the lattice constant of the cube. In case of positive anisotropy LCs
the lattice constant increases along the direction of the ﬁeld applied, whereas
for negative anisotropy LCs the lattice constant decreases along the ﬁeld [7].
This contraction/elongation also changes the index ellipsoid. As discussed in
the previous section, for isotropic media the index ellipsoid is a sphere.
96 CHAPTER 5: DUAL FREQUENCY MODE OF BLUE PHASE LIQUID CRYSTALS
Fig. 5.2. Electric field induced
changes in an index ellipsoid. The
electric field, when present, is
pointing upwards along the plane
of the paper.
As shown in Fig. 5.2, the index ellipsoid changes from a sphere to an ellipsoid
of revolution under the inﬂuence of an electric ﬁeld. If the BP is constituted of
positive anisotropic liquid crystals, then the index ellipsoid elongates along
the ﬁeld (from i to ii), otherwise there is contraction (from i to iii). In a
conventional vertical ﬁeld switching (VFS) LC cell, for normal incidence the
light propagates along the ﬁeld. In this conﬁguration no phase retardation
is achieved, as all polarization states experience the same refractive index.
However, there is a ﬁeld induced change in refractive index. In conventional
BP constituted of ordinary positive or negative anisotropy liquid crystals, the
maximummagnitude of this ﬁeld induced refractive index change is limited
to one third of the Kerr induced birefringence [4]:
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𝛿𝑛 = < 𝑛 > −𝑛𝑜(𝐸)
=
2𝑛𝑜(𝐸) + 𝑛𝑒(𝐸)
3
− 𝑛𝑜(𝐸)
=
1
3
(𝑛𝑒(𝐸) − 𝑛𝑜(𝐸)) (5.5)
=
𝛥𝑛
3
where 𝛥𝑛 is the ﬁeld induced birefringence due to the Kerr eﬀect.
This brings us to the central concept of this chapter. From Equ. (5.5) it is
clear that the refractive index change is limited to one third of the birefrin-
gence induced by the Kerr eﬀect. From Fig. 5.2 the operation of blue phase
mode can be understood in the following manner. Without voltage we start
with an isotropic medium, with its index ellipsoid represented by a sphere (𝑖).
Depending upon the dielectric anisotropy of the base nematic liquid crystal in
the BP, the index ellipsoid will either elongate or contract along the direction
of the driving ﬁeld. The refractive index modulation, can be pictorially gauged
from the change in radius of the circle formed by the intersection of the plane
passing through the center of the ellipsoid and normal to the direction of the
electric ﬁeld. In a vertical ﬁeld switching cell, the direction of propagation of
light is along the driving electric ﬁeld. Clearly, for BP prepared using positive
dielectric anisotropic liquid crystals the switching operation can be depicted by
(𝑖) → (𝑖𝑖) in Fig. 5.2. The refractive index value decreases as the ﬁeld strength
increases. For blue phase prepared using negative dielectric anisotropy liq-
uid crystals, however, the case is other way around, depicted by (𝑖) → (𝑖𝑖𝑖) in
Fig. 5.2. The refractive index increases with an increase in ﬁeld strength.
5.1.2 Dual frequency liquid crystals in blue phase
As long as we are operating with normal liquid crystals as base nematic for
preparing BP, the limitation imposed by Equ. (5.5) will continue to apply and
the obtained refractive index modulation will remain small. Replacing NLC
with Dual frequency liquid crystals (DFLC) opens up the possibility of ‘fre-
quency switching’. This frequency switching behaviour can also be understood
from Fig. 5.2 (ii→ iii).This is the motivation behind exploring dual frequency
liquid crystals in blue phase.
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The following sections will elaborate how this is experimentally achieved,
the obstacles in the path and their resolution.
5.2 Dual Frequency Liquid Crystals
5.2.1 Nematic liquid crystals
Due to structural asymmetry in the nematic liquid crystal (NLC) molecules,
the dielectric constant along the length (𝜀∥) is diﬀerent from the dielectric
constant perpendicular (𝜀⊥) to the molecules [8]. The deﬁnition of dielectric
anisotropy is:
𝛥𝜀 = 𝜀∥ − 𝜀⊥ (5.6)
The importance of the sign and the magnitude of dielectric anisotropy can
be appreciated from a short and simple analysis, presented next. An externally
applied electric ﬁeld interacts with the liquid crystal (LC) medium. When not
in the lowest energy state, these tiny dipoles will experience a torque which will
try to minimize the electrostatic energy. The reorientation of the liquid crystal
molecules by an external electric ﬁeld can be understood from an energy point
of view, which is presented next.
5.2.2 Electric ﬁeld induces reorientation of liquid
crystal molecules
Electrostatic energy density (U) can be expressed as 𝑈 =
1
2
?⃗? ⋅ ?⃗?, where ?⃗?
and ?⃗? are the displacement and the electric ﬁeld vectors, respectively. If in
a homogeneous medium an electric ﬁeld is applied in the 𝑧 direction and
the director makes an angle 𝜃 with the 𝑧−axis then the 𝑧 component of the
displacement vector (𝐷𝑧) can be expressed as :
𝐷𝑧 = (𝜀∥ cos2 𝜃 + 𝜀⊥𝑠𝑖𝑛2𝜃)𝐸 (5.7)
The electrostatic energy takes the following form [9]:
𝑈 =
1
2
𝐷2𝑧
𝜀∥ cos2 𝜃 + 𝜀⊥𝑠𝑖𝑛2𝜃
(5.8)
In order to ﬁnd the value of 𝜃 which minimizes this energy, we perform the
partial diﬀerentiation of 𝑈 with respect to 𝜃, given by the equation (5.8) and
set it to zero.
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𝜕𝑈
𝜕𝜃
=
𝐷2𝑧
2
sin 2𝜃)𝛥𝜀
(𝜀∥ cos2 𝜃 + 𝜀⊥𝑠𝑖𝑛2𝜃)2
= 0 (5.9)
From equation (5.9) we see that, 𝜃 = 0 and 𝜃 =
𝜋
2
are two principal values
which make the ﬁrst derivative zero. To test these values for the conditions
under which they will minimize the energy density, we look at the second
derivative of𝑈 w.r.t. 𝜃. For local minima the second derivative values must be
positive. The second derivative:
𝜕2𝑈
𝜕𝜃2
=
𝐷2𝑧
2
𝑁 𝑟
(𝜀∥ cos2 𝜃 + 𝜀⊥𝑠𝑖𝑛2𝜃)4
(5.10)
where, 𝑁 𝑟 (numerator) is:
2𝛥𝜀 cos 2𝜃 􏿴𝜀∥ cos2 𝜃 + 𝜀⊥𝑠𝑖𝑛2𝜃􏿷
2
− 2𝛥𝜀2 sin2 2𝜃 􏿴𝜀∥ cos2 𝜃 + 𝜀⊥𝑠𝑖𝑛2𝜃􏿷
From Equ. (5.10) it can be clearly seen that the sign of the second derivative
of electrostatic energy for 𝜃 = 0,
𝜋
2
is dictated by the ﬁrst term of its numerator
only, which is 𝛥𝜀 cos 2𝜃. Hence if 𝛥𝜀 > 0, then 𝜃 = 0 makes the second
derivative positive. This implies that the liquid crystals with positive dielectric
anisotropy will align along the electric ﬁeld. Whereas if 𝛥𝜀 < 0, then 𝜃 =
𝜋
2
minimizes the energy. So, it is the sign of dielectric anisotropy which dictates
which way molecules will align under the inﬂuence of an external electric
ﬁeld. Positive dielectric anisotropy (𝛥𝜀 > 0) liquid crystals will align along the
ﬁeld, whereas negative dielectric anisotropy (𝛥𝜀 < 0) liquid crystals will align
normal to the electric ﬁeld.
5.2.3 Dual frequency liquid crystals
DFLC are special liquid crystals which exhibit positive dielectric anisotropy for
low frequency electric ﬁelds and exhibit negative dielectric anisotropy for high
frequencies. Dielectric anisotropy is a frequency dependent quantity. Rotation
about the short axis of liquid crystal molecules is greatly hindered and this
causes dispersion in 𝜀∥(𝜔) as the frequency increases. On the contrary, rotation
about the long axis is relatively unhindered, making 𝜀⊥ free of dispersion
for frequencies lower than microwave frequencies [10, 11]. The frequency
for which 𝛥𝜀 vanishes (𝜀∥ = 𝜀⊥) is called the crossover frequency (𝑓𝑐). The
relaxation behaviour of the dielectric anisotropy (𝛥𝜀) can be expressed by the
Debye equation (assuming a single relaxation frequency) as: [12]
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𝛥𝜀(𝜔) = 𝛥𝜀(∞) +
𝛥𝜀(0) − 𝛥𝜀(∞)
1 + 𝜔2𝜏2
(5.11)
where 𝜔 = 2𝜋𝑓, 𝛥𝜀(0) and 𝛥𝜀(∞) are values of 𝛥𝜀 for DC and inﬁnite
frequency ﬁelds, respectively, and the relaxation time 𝜏 is deﬁned as 𝜏 = 1/𝜔0,
with 𝜔0 being the frequency at which 𝛥𝜀(𝜔) =
𝛥𝜀(0)+𝛥𝜀(∞)
2
.
In practice, it is not possible to realize a dual frequency behaviour with
independently tunable low and high frequency dielectric anisotropies with a
single component liquid crystal. Hence most practical DFLCs are a mixture
of two or more liquid crystals. Typically, DFLC mixtures consist of a highly
polar positive 𝛥𝜀 liquid crystal in a negative 𝛥𝜀 host liquid crystal [13]. The
dielectric anisotropy of a binarymixture obtained bymixing two liquid crystals
with dielectric anisotropies 𝛥𝜀1 and 𝛥𝜀2 is given by: [14]
𝛥𝜀𝑚𝑖𝑥 = 𝜒1𝛥𝜀1 + 𝜒2𝛥𝜀2; 𝜒1 + 𝜒2 = 1 (5.12)
where 𝜒1 and 𝜒2 are the mole fractions of the two liquid crystals. The
positive liquid crystals in the mixtures are such that their dielectric anisotropy
values decrease with increasing frequency. Whereas the negative liquid crystals
possess dielectric anisotropy which remains almost a constant for frequencies
below the megahertz region [15]. Such a mixture ensures its dual frequency
operation and independent high (𝛥𝜀𝐻) and low (𝛥𝜀𝐿) frequency dielectric
anisotropies. The frequency dependence of a typical dual frequency liquid
crystal is shown in Fig. 5.3. This also explains the fact that the crossover
frequency of the DFLC is largely decided by the positive liquid crystal of the
mixture.
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Fig. 5.3. Frequency dependence
of the dielectric anisotropy of
a typical dual-frequency liquid
crystal. Adapted from [16].
The biggest advantage of DFLCs over conventional nematic liquid crystals
(NLCs) is that in the former both switching on and oﬀ processes can be acceler-
ated by an electric ﬁeld making the response time smaller. In NLCs, switching
on times can be reduced by applying higher voltages but switching oﬀ times
remain mostly dictated by the anchoring strengths of alignment layers, the
viscous coupling of liquid crystal molecules etc. For thicker NLC cells this
problem is even worse, as switching oﬀ times are proportional to 𝑑𝑥 (with
1 ≤ 𝑥 ≤ 2, depending upon the anchoring strengths of the alignment layers)
[17]. In DFLCs both switching on and oﬀ times are ﬁeld dependent and the
dependence can be expressed as: [13]
𝜏𝑜𝑛 =
𝜏0
􏿵 𝑉ℎ
𝑉𝑡ℎ,ℎ
􏿸
2
− 1
𝜏𝑜𝑓𝑓 =
𝜏0
􏿵 𝑉𝑙
𝑉𝑡ℎ,𝑙
􏿸
2
− 1
(5.13)
𝜏0 =
𝛾1𝑑2
𝐾33𝜋2
where𝑉ℎ (𝑉𝑡ℎ,ℎ) and𝑉𝑙 (𝑉𝑡ℎ,𝑙) are the driving (threshold) voltages at high and
low frequencies, 𝛾1 is the rotational viscosity, 𝐾33 is the bend elastic constant
and 𝑑 is the liquid crystal cell thickness.
As can be seen from equation (5.13) rotational viscosity is a key parameter
determining the switching on/oﬀ times of DFLCs. As mentioned above DFLC
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mixtures often consist of highly polar positive liquid crystals. These liquid
crystals are also very viscous. Hence the development of novel liquid crystals
compounds with high birefringence and low viscosity has attracted attention
of chemists working in the ﬁeld of liquid crystal synthesis [18]. Rotational
viscosity decreases exponentially as the temperature is increased, however,
increase in temperature is also associated with a decrease in birefringence
and dielectric anisotropy. Another concomitant problem with the increase in
temperature is the exponential rise of the crossover frequency [19]:
𝑓𝑐 ∼ 𝑒𝑥𝑝 􏿶−
𝐸
𝑘𝐵𝑇
􏿹 (5.14)
where 𝐸 is the activation energy, 𝑘𝐵 is the Boltzmann constant and 𝑇 is the
temperature.
Drawbacks of high frequency operation of DFLCs
Operating DFLCs at very high frequencies is also associated with two severe
drawbacks. First is the increase in power consumption in driving the LC cell.
A LC cell acts as a capacitor and if driven with voltage V at frequency 𝑓 the
power consumption is given by 𝑃 = 𝑓𝐶𝑉2.
The second problem is that of dielectric heating. Both high power consump-
tion and absorption due to the imaginary part of the dielectric constant lead
to heating, increasing the crossover frequency [20].
5.3 Methods of Preparing Dual
Frequency Liquid Crystal Blue
Phases
5.3.1 Conventional approach
As discussed in the previous section, DFLCs in BP can considerably enhance
the magnitude of refractive index change possible in PSBP-LCs. The obvious
approach is to induce chirality in DFLCs by the addition of a high helical twist-
ing power (HTP) chiral dopant. The ﬁrst step in this approach is to optimize
the concentration of a chiral dopant for obtaining blue phase with workable
temperature range. Then, small amount of monomers with photoinitiator can
be added to this mixture to achieve polymer stabilization.
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Fig. 5.4. Polarization op-
tical micrograph of sam-
ple with 93% DFLC and
7% chiral dopant R5011.
Pursuing this strategy, we prepared several liquid crystal mixtures with
increasing concentrations of chiral dopant. The DFLC used in this study is
HEF951800-100 and the chiral dopant is R5011 (both chemicals are from
HCCH, China). This is the chiral dopant which was used to solve the problems
of dendrites (chapter 3). As the concentration of chiral dopant (in wt%) was
increased gradually from 1% to 7% , the Bragg reﬂection of the chiral nematic
phase showed a signiﬁcant blue shift. Fig. 5.4 shows the polarization optical
micrograph of a sample with amixture of 93% ofDFLC and 7% of chiral dopant
R5011. The dark regions clearly indicate that the Bragg reﬂection has shifted
to the UV region. In the conventional approach, polymer stabilized blue phase
is prepared by observing blue phase under microscope as the temperature is
varied and then exposing the sample with UV to polymer stabilized the phase.
If the Bragg wavelengths shift to UV regions, then visual identiﬁcation of blue
phase is not possible. This renders the conventional approach unusable.
On slowly cooling down from the isotropic phase at 60 ∘𝐶, all the tested
samples with diﬀerent concentrations of chiral dopant were found to be devoid
of any blue phase. A direct phase transition from isotropic to focal conic state
was observed under the polarization optical microscope.
The reason for this can be twofold, either the blue phases are simply not
present, or their lattice constants have become so small that the Bragg peak is in
the ultra-violet region, making visible identiﬁcation impossible. This DFLC is
not amenable to this conventional approach of preparing BP. The next section
expounds on an ingenious approach of circumnavigating this diﬃculty.
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5.3.2 Polymer stabilized blue phase as a template
In 2012, Castles et al. demonstrated a templating technique which transfers the
nanoscale features of BP to a polymer cast, which can then be used to induce
BP even in non-chiral liquid crystals [21]. The PSBP is rinsed of liquid crystals,
unpolymerized monomers and chiral dopants by keeping the cell in acetone
for over 24 hours. Afterwards, acetone is allowed to evaporate, leaving behind
the polymer network which is used as a template.
In the above report, authors used bimesogenic compounds which intrin-
sically possess an unusually large temperature range of blue phases (> 40∘𝐶)
[22]. As a direct consequence of such immense stability of BP, a large amount
of monomers (28 % by weight) can be added to these LCs without disturbing
BP. Also, utilizing the exceptional stability of blue phases in these bimesogenic
molecules, Castles et al. in 2014 demonstrated stretchable polymer stabilized
blue phases [23]. They also showed for the ﬁrst time that by distorting the cubic
symmetry, a second order non-linearity (Pockels eﬀect) can also be brought to
existence. This technique of templating has also been used to demonstrate low-
ering of the driving voltage and enhancement of the Kerr constant of polymer
stabilized blue phase liquid crystals, by inﬁltrating the template with chiral
dopant of a handedness opposite to that of the one used to prepare the template
[24]. There are four major advantages of using PSBP as a template for inducing
BP over the conventional approach:
1. A wide variety of LCs can be forced in BP, even the ones which do not
show BP by normal addition of chiral dopants.
2. BPs obtained by templating are remarkably stable, having a temperature
range larger than 100 ∘𝐶.
3. Complete control over the Bragg reﬂection can be exercised by selecting
a template with the desired value.
4. Liquid crystals with high 𝛥𝑛 and high 𝛥𝜀 can be used to inﬁltrate the
template, resulting in BP with very high Kerr constant values, as the
Kerr constant is directly proportional to the product of 𝛥𝑛 and 𝛥𝜀.
Most conventional BPLCs have BP existing only for a few degree Celsius,
hence the maximum amount of monomer that can be added without ruining
BP is rather limited (≈ 14% by weight).
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Table 5.1.Composition of polymer stabilized blue phase mixtures for preparing template.
Mixture No. JC1041-xx 5CB R5011 EHA RM257 TMPTA DMPAP
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)
I 48.65 37.39 3.23 3.42 6.75 – 0.57
II 48.15 35.92 3.22 – 7.18 4.99 0.54
Table 5.1 shows the concentrations of the diﬀerent components used to
test PSBP-LC for templating. Mixture No. I is the concentration which was
found to be stable over a long period of time, free from crystallization of chiral
dopant and related issues. When attempts to rinse PSBP prepared using this
concentration were made, it was soon realized that templating was not possible
with any PSBP. After acetone rinsing, the cell could not be inﬁltrated by liquid
crystals, indicating towards the possible rupture of the polymer network under
its own weight. Templates prepared with this mixture were not completely dark
between crossed polarizer, implying that complete rinsing out of the liquid
crystals was not achieved.
Need of stronger polymer network for templating
From the above experiments, it was clear that a stronger polymer network was
required to achieve successful templating. This was achieved by replacing a
mono-acrylate, 2-ethylhexyl acrylate (EHA) with trimethylolpropane triacry-
late (TMPTA) which has three acrylate groups [25]. Mixture No. II was ﬁlled
in a 10𝜇 cell, without any alignment layers, at 60 ∘𝐶 in isotropic state. The cell
was then cooled down to 45 ∘𝐶 at a cooling rate of 0.2 ∘/𝑚𝑖𝑛. The sample was
further cooled down to 36.5 ∘𝐶 at a cooling rate of 0.1 ∘𝐶/𝑚𝑖𝑛. To enlarge the
BP domain sizes, ten thermal cycles were administered between 36.5 ∘𝐶 and
37.5 ∘𝐶 [26]. BP was polymer stabilized by exposing the sample to 50 𝑚𝑊/𝑐𝑚2
of UV light, centered at 365 𝑛𝑚 for 8 seconds, followed by 90 𝑚𝑖𝑛 of UV with
an intensity of 1 𝑚𝑊/𝑐𝑚2 to ensure completion of polymerization process.
The cell was maintained at 36.5 ∘𝐶 during the complete polymer stabilization
process.
With Mixture No. II it is possible to cleanse PSBP of LC, chiral dopant and
unpolymerized monomer molecules, and use the cast remaining after acetone
has evaporated as template. The template thus obtained was isotropic, and
dark between crossed polarizers. Between parallel polarizes minute features
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(a)
(b)
Fig. 5.5. POM of PSBP before
rinsing with Acetone and after fill-
ing with DFLC at room tempera-
ture.
can be clearly seen in the template (Fig. 5.6). This template was then used to
obtain BP with DFLC.The texture of BP before cleaning with acetone and after
ﬁlling with DFLC is shown in Fig. 5.5.
The DFLC used in this study is HEF951800-100 (from HCCH, China). The
electro-optical properties of this LC are: 𝛥𝑛 = 0.191 (at 𝜆 = 633 nm and at
𝑇 = 24∘𝐶), 𝛥𝜀 = 2.10 at 𝑓 = 1 𝑘𝐻𝑧 and 𝛥𝜀 = −2.10 at 𝑓 = 100 𝑘𝐻𝑧. The
crossover frequency 𝑓𝑐 for this LC is 45 𝑘𝐻𝑧 [27].
DFLC inBPwas characterized bymeasuring the refractive indices at diﬀerent
voltages and frequencies. The next section discusses in detail the measurement
technique used in this study.
5.4 Measurement of Refractive
Indices
We measured the transmission spectrum of DFLC in BP cell with a white
light source. The schematics of the experimental set-up is shown in Fig. 5.7,
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Fig. 5.6. Polarization optical mi-
crograph with parallel polarizers,
micro-features can be clearly seen.
The dark dots are spacer balls.
Fig. 5.7. Experimental setup to
measure Fabry Pérot interference.
where WLS is the xenon lamp as white light source, L1 and L2 are focusing
lenses, and S is the integrating sphere connected to the spectrometer. The
light from this xenon lamp was focused to a spot with diameter < 1 𝑚𝑚,
incident normally on to the vertical ﬁeld switching liquid crystal cell. The
transmitted light is collected by an integrating sphere, which feeds the light
to a spectrometer USB2000 (from Ocean Optics, USA). One such spectrum
is shown in Fig. 5.8(a). Beyond the Bragg reﬂection centered at 478 nm, the
Fabry Pérot intensity modulation is shown in the encircled region.
Mathematically, under the assumptions for zero absorption, no dispersion
and inﬁnite coherence length the transmitted intensity modulation can be
expressed as: [28]
𝑇 =
(1 − 𝑟2)2
(1 − 𝑟2)2 + 4𝑟2𝑠𝑖𝑛2(𝛷/2)
, 𝛷 = 2𝑛𝑙𝑐𝑘0𝑑 (5.15)
where 𝑟 is the Fresnel reﬂection coeﬃcient, 𝑛𝑙𝑐 is the refractive index of the
liquid crystal, 𝑘0 is the propagation constant and 𝛷 is the round trip phase
accumulation. Assuming normal incidence, the Fresnel reﬂection coeﬃcient
can be expressed as:
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(a) Transmission spectrum
(b) Fabry Pérot intensity modulation
Fig. 5.8. Transmission spectrum
of BP showing Bragg reflection
and Fabry Pérot intensity modu-
lation.
𝑟 =
𝑛𝐼𝑇𝑂 − 𝑛𝑙𝑐
𝑛𝐼𝑇𝑂 + 𝑛𝑙𝑐
(5.16)
where 𝑛𝐼𝑇𝑂 is the refractive index of the ITO layer on the inner side of the
LC cell. The value of 𝑛𝐼𝑇𝑂 = 1.77 is taken from literature [29]. It can be seen
from Equ. (5.15) that intensity modulation is a function of a single parameter,
the refractive index of LC. We performed nonlinear ﬁtting using Levenberg
Marquardt algorithm of the spectra with Equ. (5.15) to obtain the refractive
index values.
Owing to the superposition of Bragg reﬂection onto Fabry Pérot, Equ. (5.15)
cannot be used directly on the spectra. In order to eliminate the superposition
of Bragg reﬂection, a polynomial ﬁt was ﬁrst performed on the spectrum
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Fig. 5.9.Refractive index change
in dual frequency liquid crystal in
blue phase at 1 kHz and 100 kHz.
data in the wavelength range of interest. In the example shown in 5.8(b)
this wavelengths range is from 568 nm to 610 nm. By subtracting this ﬁtted
polynomial from the spectrum and adding the average of transmission in the
wavelength range, the eﬀect of Bragg reﬂection can be removed. The spectrum
after this correction and the result of the nonlinear Levenberg Marquardt ﬁt on
it is shown on Fig. 5.8(b). All the ﬁttings were carried out using their respective
implementations in MATLAB. [30]
5.5 Results
5.5.1 Large refractive index change
As described in the previous section refractive indices were measured for
various voltages applied to the VFS LC cell containing DFLC in BP.The voltage
waveform generated by the function generator (Agilent 33220A) was ampliﬁed
by a 10𝑋 ampliﬁer (FLC F10AD) before applying to the cell. A voltage of
magnitude 0 𝑉𝑟𝑚𝑠 to 92.5 𝑉𝑟𝑚𝑠 in steps of 5 𝑉 was applied to the LC cell at
1 𝑘𝐻𝑧 and 100 𝑘𝐻𝑧. The corresponding transmission spectra were measured
and refractive index values were extracted using the method described in detail
above.
The results of this measurement are shown in Fig. 5.9. The change in re-
fractive index with lower frequency is depicted in black whereas the higher
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Fig. 5.10.Voltage switching on
and oﬀ behaviour of dual fre-
quency liquid crystal in blue phase
at 1 kHz signal.
frequency changes are shown in red. 100 𝑘𝐻𝑧 was chosen as it is above the
crossover frequency of the DFLC used. Fig. 5.9 also depicts the expected shape
of the index ellipsoids. The extracted refractive index value is nothing but the
radius, depicted in the Fig. 5.9 with green.
As expected from the theoretical discussion in section 5.1.1, at low frequen-
cies the values of the refractive index measured decrease with an increase in
applied ﬁeld strength. With an increase in the magnitude of the applied ﬁeld,
the index ellipsoid will elongate along it. Since the propagation of light is along
the ﬁeld, the plane perpendicular to the propagation vector passing through
the center of the index ellipsoid will cut it in a circle. The radius of this circle
will be the value of the refractive index measured.
The same line of reasoning can be given to explain the increase in the re-
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fractive index with ﬁelds at frequencies higher than the crossover frequency.
As DFLCs behave like negative dielectric anisotropy liquid crystals, the index
ellipsoid contracts in the direction of the ﬁeld (the direction of propagation of
light). Hence the radius of the circle obtained by the intersection of the plain
perpendicular to the direction of propagation and the ellipsoid increases.
In a conventional positive dielectric anisotropy liquid crystal blue phase, we
will have to contend with a limited change in the refractive index depicted by
the lower line in Fig. 5.9. Suppose we have a positive dielectric anisotropy liquid
crystal in blue phase, with the magnitude of dielectric anisotropy equal to that
of the DFLC (used in this experiment) at low frequency then the maximum
refractive index change will be 0.0044 (black circle at 92.5 𝑉𝑟𝑚𝑠 in Fig. 5.9).
Similarly, if we have a negative dielectric anisotropy liquid crystal in blue phase,
with the magnitude of dielectric anisotropy equal to that of the DFLC (used
in this experiment) at high frequency then the maximum refractive index
change will be 0.0069 (red triangle at 95 𝑉𝑟𝑚𝑠 in Fig. 5.9). However, if we use
frequency switching scheme then at 92.5 𝑉𝑣𝑟𝑚 we can obtain a refractive index
change of 0.0113 (0.0044+0.0069). The values of refractive indexmodulation in
conventional polymer stabilized blue phase liquid crystals reported in literature
are all less than 0.01 [31–33].
There are two primary reasons behind themaximum refractive index change
of DFLC-PSBP being smaller than the optical birefringence of the base nematic
liquid crystal. Firstly, in polymer stabilized blue phase, the weight fraction
of the liquid crystal is less than 88% (table 5.1) and secondly, the magnitude
of dielectric anisotropy is very small (𝛥𝜀 = ±2.1). Hence the ﬁeld strengths
required to fully switch the liquid crystals are beyond the maximum voltages
applied in this experiment. The synthesis of high dielectric anisotropies DFLCs
is a focus of synthetic chemists working in the ﬁeld of LCs. Next section
discusses the electro-optical properties of the BP thus obtained for DFLCs.
In summary, the transmission spectrum of the liquid crystal cell with DFLC
in BPwas recorded formultiple voltages at both 1 𝑘𝐻𝑧 and 100 𝑘𝐻𝑧 frequencies.
The value of the refractive index for every voltage value was extracted by
the ﬁtting procedure described above. It is worth noting that the eﬀect of
dispersion was not taken into account in the ﬁtting model as its magnitude in
the wavelength region concerned is not signiﬁcant [34].
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Fig. 5.11. Induced birefringence
as a function of the electric field
squared at room temperature.
5.5.2 Electro-optical properties of DFLC in PSBP
We also measured the Kerr constant and the switching speeds of DFLC in BP.
Fig. 5.11 shows the induced birefringence as a function of the square of the
electric ﬁeld strength. From 𝛥𝑛 = 𝜆𝐾𝐸2, it is clear that the slope of this curve
is the product of wavelength and the Kerr constant. The Kerr constants for
1 𝑘𝐻𝑧 and 100 𝑘𝐻𝑧 are 0.51 𝑛𝑚𝑉−2 and 0.65 𝑛𝑚𝑉−2, respectively, calculated
using 589 𝑛𝑚, the center of the wavelength range over which non-linear ﬁtting
on intensity modulation of Fabry Pérot data was performed.
Fig. 5.10 depicts the switching on and oﬀ behaviour of dual frequency liquid
crystals in blue phase. Switching on and oﬀ times, (transmission change from
10% to 90% of transmission on application and removal of voltage) were found
to be 772 𝜇𝑠 and 466 𝜇𝑠 for 90 Vrms at 1 kHz, respectively. These switching
speeds are comparable to the switching speeds of conventional polymer stabi-
lized blue phase liquid crystals (Sec. 4.3.2). The MATLAB code for calculation
of switching times from the photo-diode voltage versus time data is given in
appendix B.
5.6 Conclusion
Dual frequency liquid crystals in blue phase can be instrumental in applications
that require a large refractive index modulation, which is not easily achievable
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with conventional blue phase. The diﬃculty in their polymer stabilization has
been solved by the use of a polymer stabilized blue phase as a template and
enhanced refractive index modulation has been experimentally demonstrated.
The fewer the facts, the stronger the opinion.
Arnold H. Glasow
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6
Conclusion and Future Prospects
All is well that ends well.
William Shakespeare
OUTLINE OF THIS CHAPTER
This chapter presents the review of the complete dissertation, brieﬂy
outlines the technologies developed and problems solved. A discussion
on the possible future course of research is also presented.
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6.1 Review of accomplishments
The objective of this dissertation was the development of capabilities to harness
the unique potential of polymer stabilized blue phase liquid crystals for various
non-display applications at CMST. Here is a list of what has been achieved so
far:
• Finite domain times domain simulations were performed to understand
the origins of Bragg reﬂection in blue phases.
• The problem of long term stability of polymer stabilized blue phase was
studied and solved.
• Selective inﬂuence of alignment layers on cubic blue phases was experi-
mentally demonstrated.
• Blue phase of dual frequency liquid crystal was realized by using a poly-
mer stabilized blue phase template.
6.1.1 Finite diﬀerence time domain simulation of
blue phase liquid crystals
To gain insight into the circular band-gap that exists in two cubic blue phases,
ﬁnite diﬀerence time domain simulations were performed. In the core of
these simulations is the widely accepted model of blue phases. Knowing the
arrangements of double twisted cylinders in the unit cell of cubic blue phases
and the orientation of liquid crystal molecules inside these double twisted
cylinders, we could construct the spatial refractive index proﬁle of the blue
phase medium. As a ﬁrst order approximation the regions inside the unit
cell but outside double twisted cylinders was treated as isotropic and random
orientation of liquid crystal molecules was assumed there.
Under the assumption of perfectly mono-domain blue phase, we found
that this ﬁrst order approximate simulation successfully captures the circular
band-gap of blue phase II but this approach fails for blue phase I. We know
that in BPII the fraction of volume occupied by the double twisted cylinders in
a unit cell is much larger than that of BPI. As a direct consequence of that, the
volume fraction of isotropic region in BPI comes out to be much higher and
we believe this is the reason for the failure of ﬁrst order simulations for BPI.
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6.1.2 Long term stability of polymer stabilized
blue phase liquid crystals
The long term stability of polymer stabilized blue phase liquid crystals is the
subject matter of chapter 3. This study was necessitated by the observation
that polymer stabilized blue phase samples developed highly scattering fea-
tures within approximately 24 hours of polymer stabilization. A thorough
experimental investigation was performed evaluating every possible cause and
mechanism to better understand this detrimental phenomenon.
We found that the crystallization of the chiral dopant was resulting in these
dendrites. Chiral dopant is the vital component in the recipe for obtaining blue
phases. These are optically active compounds which when added to nematic
liquid crystals in small quantities induce twist in them. The eﬀectiveness of a
chiral dopant is characterized by its helical twisting power. In simple terms,
the higher the helical twisting power, smaller is the required chiral dopant
concentration. We replaced the chiral dopant ZLI-4572 with R5011 whose
helical twisting power exceeds the former by more than a factor of two.
Blue phases obtained by using R5011 remain free from any crystallization
related problems and the blue phase stable in true sense could be realized.
6.1.3 Eﬀect of alignment layers on cubic blue
phases
Chapter 4 presets the study of inﬂuence of alignment layers on cubic blue phases.
Alignment layers ensure a uniform orientation of liquid crystals in the absence
of electric ﬁelds in nematic liquid crystal devices. The non-requirement of
alignment layers in polymer stabilized blue phase devices has been seen as
a great simplifying factor in device fabrication and a means of cost cutting.
Nonetheless it is interesting to understand how alignment layers will inﬂuence
these topologically complex phases.
Instead of asking how alignment layers change the electro-optical properties
we asked a slightly diﬀerent question. We wanted to know, how alignment
layers will aﬀect the cubic blue phases. By recording the evolution of peak
wavelength of Bragg reﬂection as a function of temperature the identiﬁcation
of BPI and BPII was made. We found that in samples without alignment layers
the Bragg reﬂection corresponding to BPII was missing. This was ascribed to
the limitations of the spectrometer, which was recording only in the visible
wavelength range. By using a diﬀerent spectrometer capable of recording in
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ultra violet wavelength regions, we found that in the absence of alignment layers
the peak reﬂection of BPII was at 338 𝑛𝑚. In the presence of alignment layers
this peak wavelength shifted to 486 𝑛𝑚, whereas no such profound diﬀerence
was recorded for BPI.
This study expounds upon an interesting phenomenon but also leaves several
questions unanswered.
6.1.4 Dual frequency blue phase liquid crystals
The blue phase of dual frequency liquid crystals forms the core of chapter 5.
In conventional blue phase liquid crystals, realized with positive or negative
dielectric anisotropy liquid crystals, the amount of refractive index change that
can be achieved is limited to one third of the birefringence induced by the Kerr
eﬀect. There are various non-display applications where this refractive index
change is not suﬃcient. In order to overcome this obstacles, we investigated the
possibility of preparing blue phases with dual frequency liquid crystals. Dual
frequency liquid crystals exhibit a change of sign of the dielectric anisotropy
as the frequency of the applied ﬁeld in increased past a certain cross-over
frequency.
The conventional approach of realizing blue phase by the addition of chiral
dopant fails to give the desired result, hence an alternative techniques was
adopted. It was known from literature that the polymer network of the polymer
stabilized blue phase can be used as a template for forcing even non-chiral
liquid crystals to blue phase. We adopted this pathway and blue phase of dual
frequency liquid crystals was realized by inﬁltrating the template with dual
frequency liquid crystals. Blue phase liquid crystals obtained by this path are
exceptionally stable, with a temperature range in excess of 100 ∘𝐶.
We then experimentally demonstrate larger refractive index modulation
by using frequency switching. This mode of operation also exhibits sub-
millisecond switching times and is expected to pave ways for non-display
applications based on polymer stabilized blue phases.
6.2 Future Work and Possible Lines of
Attack
During the research work for this dissertation fundamental insight and experi-
mental know-how of working with this promisingmaterial has been developed,
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but the real battle lies ahead. Various possible paths of inquiry and incomplete
investigations are listed next.
6.2.1 Alignment layers
The open question “Why BPII gets profoundly inﬂuenced selectively by align-
ment layers” begs further investigations. The investigation can start by building
the setup to record Kossel diagrams. By studying Kossel diagrams various
planes of cubic blue phases can be identiﬁed with accuracy. By determining
the Millers indices of blue phase planes, the precise orientation of the cubic
unit cells can be worked out. Once the setup for recording Kossel diagrams is
in place, attention can be diverted to alignment layers. It is possible to achieve
desired pre-tilt angles by altering alignment layers. The understanding of how
diﬀerent pre-tilt alignment layers result in diﬀerent orientation of cubic blue
phases can give insight on the mechanism of reorientation of cubic domains.
6.2.2 Light steering applications
One of the unﬁnished works of this dissertation is the realization of fast light
beam steering devices. The core idea is to have a layer of polymer stabilized
liquid crystals on top of polymer gratings. By modulating the refractive index
of polymer stabilized blue phase the magnitude of refraction can be controlled
and hence fast polarization independent electrically tunable devices can be
realized.
It is worth noting that gratings fabricated using acrylate UV curable glues are
not ideal for such devices as polymer stabilization of blue phase gets hindered.
We believe that the acrylate based monomers used for polymer stabilization of
blue phases in some way adversely interact with acrylate of UV glue resulting
in failed polymer stabilization. A research in this direction can be made by
using epoxy based materials for fabricating these gratings.
6.2.3 Completion of polymer stabilization
As the polymer stabilization method relies on free radical polymerization,
which reaches completion theoretically in inﬁnite time, there is a reason to
believe that electro-optical properties of polymer stabilized blue phases do not
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reach a stable value immediately after the UV exposure is stopped. A study
can be performed investigating the functional completion of polymerization.
I left the ending ambiguous, because that is the
way life is.
Bernardo Bertolucci
A
Matlab Code for Controling the
Heating Stage
SetTemp() is primary function used to control the heating stage.
1 function i_Result = SetTemp(d_Temp)
2
3 if d_Temp > 100
4 disp(’Please, input a temperature less than 100°C’);
5 return;
6 end
7
8 i_Temp = d_Temp*10;
9
10 %Check if temperature is specified to only one tenth of a degree
11 if mod(i_Temp,1)
12 disp(’Least count of the deveice is 0.1°C’);
13 end
14
15
16
17 c_Temp = dec2hex(i_Temp);
18
19 c_Msg = [’01’; ’06’; ’00’; ’00’];
20
21 switch length(c_Temp)
22 case 1
23 c_Temp = [’0’ ’0’ ’0’ c_Temp];
24 case 2
25 c_Temp = [’0’ ’0’ c_Temp];
26 case 3
27 c_Temp = [’0’ c_Temp];
28 end
29
30 c_Msg = [c_Msg; c_Temp(1) c_Temp(2); c_Temp(3) c_Temp(4)];
31
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32 CRC = crc16(c_Msg);
33
34 %Append the CRC to the message to be sent to the device
35 switch length(CRC)
36 case 1
37 CRC = [’0’ ’0’ ’0’ CRC];
38 case 2
39 CRC = [’0’ ’0’ CRC];
40 case 3
41 CRC = [’0’ CRC];
42 end
43
44 c_Msg = [c_Msg; CRC(1) CRC(2);CRC(3) CRC(4)];
45 %% COMMUNICATING WITH THE DEVICE
46
47 txdata_dec = hex2dec(c_Msg);
48 %Following command actually writes the complete message on the device
49 fwrite(s,txdata_dec,’uint8’);
50
51 i_Result = 1;
52 end
53
The cycling redundancy check is calculated by the function CRC().
1 function CRC = crc16(msg)
2 clc;
3 [row col] = size(msg);
4
5 %Checking if messages are byte long or not
6 if col~=2
7 disp(’Message must be a n row 2 column matrix, each row being one byte’);
8 return;
9 end
10
11 Data = zeros(row,16);
12
13 for j = 1:row
14 c_binary = dec2bin(hex2dec(msg(j,:)));
15
16 % Preparing comma separated array of chars to convert it to double
17 % format for representing the bits
18 for i=1:length(c_binary)
19 if i==length(c_binary)
20 c_temp = c_binary(i);
21 else
22 c_temp = strcat(c_binary(i),’,’);
23 end
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24
25 if i~=1
26 c_formatted = strcat(c_formatted, c_temp);
27 else
28 c_formatted = c_temp;
29 end
30 end
31
32 d_binaries = str2num(c_formatted);
33 Data(j,:) = Data(j,:) + [zeros(1,16-length(d_binaries )) d_binaries];
34 end
35
36 %Actual calculation for the CRC16
37 Y = ones(1,16);
38 A001 = [1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1];
39
40 [row ~] = size(Data);
41
42 for j=1:row
43 Data1 = Data(j,:);
44 Y = xor(Data1, Y);
45
46 for i=1:8
47 if Y(length(Y)) == 1
48 Y = [0 Y(1:end-1)];
49 Y = xor(Y,A001);
50 else
51 Y = [0 Y(1:end-1)];
52 end
53 end
54
55 end
56
57 CRC = dec2hex(bin2dec(int2str(([Y(end-7:end) Y(1:8)]))));
58 end

B
Matlab Code for Calcluting Switching
Times
The following code helps calculation of switching speeds from themeasurement
of photo-diode voltage as a function of time stored as .csv ﬁle.
1 clc;clear all;close all;
2 format long
3
4 files = uigetfile(’*.csv’,’MultiSelect’,’on’);
5
6 figure_counter=0;
7 %uigetfile returns the file name as a string if just one file is selected
8 %otherwise it returns a cell of strings.
9
10 if isstr(files)
11 num_of_files=1;
12 else
13 num_of_files=length(files);
14 end
15
16 for i=1:num_of_files
17 % Ensure correct execution for every file selected
18 if isstr(files)
19 data=csvread(char(files), 22,0);
20 file_name = char(files);
21 else
22 data=csvread(char(files(i)), 22,0);
23 file_name = char(files(i));
24 end
25
26 [row,col]=size(data);
27 time=data(:,1);
28
29 if col==2
30 col_pd=2;
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31 vol_pd=data(:,col_pd);
32 hold on
33 figure_counter=figure_counter+1;figure(figure_counter);
34 plot(time,vol_pd);
35 xlabel(’Time (s)’);ylabel(’Voltage (a. u.)’);set(gcf,’color’,’w’);
36
37 %Find the switching zones y using threshold values
38 threshold=input(’Please input the decision threshold level : ’);
39 threshold=threshold.*ones(row,1);
40 plot(time,threshold);
41 hold off
42 decision=vol_pd>=threshold(1);
43 shifted_decision=decision(2:end);
44 decision=decision(1:end-1);
45 tracer_matrix=decision+shifted_decision;
46 figure_counter=figure_counter+1;figure(figure_counter);
47 plot(time(2:end),tracer_matrix,’ro’);
48 title(’Switching Identification’);
49 index=find(tracer_matrix==1);
50
51 %trimming out the very close indices
52 valid_index_count=0;
53 for j=1:length(index)-1
54 if abs(index(j)-index(j+1))<=(row/1000)
55 continue;
56 else
57 valid_index_count=valid_index_count+1;
58 valid_index(valid_index_count)=index(j);
59 end
60 end
61 valid_index(valid_index_count+1)=index(end);
62
63 %selecting the zones of switching using valid indices
64 range=floor(row/1000);
65 for k=1:length(valid_index)
66 switching_range=valid_index(k)-range:valid_index(k)+range;
67 switching_time=time(switching_range);
68 %Shifting switching instant to t=0 and changing scale to ms
69 switching_time=1000*(switching_time-switching_time(range));
70 switching_voltage=vol_pd(switching_range);
71
72 figure_counter=figure_counter+1;h=figure(figure_counter);
73 hold on;
74 plot(switching_time,switching_voltage,’k’);
75 xlabel(’Time (ms)’);ylabel(’Voltage (a. u.)’);
76 set(gcf,’color’,’w’);
77
78 %Calculating the switching speeds for all switching instances
79 choice=input(’Do you want to calculate switching time: ’);
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80 if choice==1
81
82 %Identifying the time closest to t_10 and t_90...
83 %Since there is a lot of fluctuations in light intensity
84 %when cell is switching on with 1kHz voltages, as the cells
85 %response time is faster than 1ms, we need to filter out
86 %this high frequency signal. I will use Savitzky-Golay
87 %filtering with span 5 and polynomial 3 and on this filterd
88 %data I will perform interpolation to increase number of
89 %points in the switching regime to get accurate switching
90 %times.
91 switching_voltage_smooth=smooth(switching_time,...
92 switching_voltage,15,’sgolay’,3);
93 %last point removed as filtering does not work for it
94 plot(switching_time(1:end-1),...
95 switching_voltage_smooth(1:end-1),’r’);
96
97 legend(’Actual Data’,’Low Pass Filtered’);
98 hold off
99
100 figure_counter=figure_counter+1;figure(figure_counter);
101 hold on
102 plot(switching_time(1:end-1), ...
103 switching_voltage_smooth(1:end-1),’r’);
104 xlabel(’Time (ms)’);
105 ylabel(’Voltage (a. u.)’);
106 set(gcf,’color’,’w’);
107 vol_low = input(’Please input the Low voltage: ’);
108 vol_high = input(’Please input the High voltage: ’);
109 vol_10 = (vol_low + ...
110 (vol_high - vol_low)/10).*ones(size(switching_time));
111 vol_90 = (vol_low + ...
112 (vol_high - vol_low)*9/10).*ones(size(switching_time));
113 plot(switching_time,vol_10,switching_time,vol_90);
114
115 %plotting the 10% and 90% lines on the parent figure
116 figure(h);
117 hold on
118 plot(switching_time,vol_10,switching_time,vol_90);
119 hold off
120
121 %saving the swithing times to a fig file to later
122 %processing and making publication quality files
123 choice_saving=...
124 input(’Do you want to save image as .fig file: ’);
125 file_name_fig=[’Switching_’ num2str(k) ’.fig’];
126 if choice_saving==1
127 savefig(h,file_name_fig);
128 end
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130 switching_time_interp=linspace(switching_time(1),...
131 switching_time(end),10*length(switching_time));
132 switching_vol_interp=interp1(switching_time,...
133 switching_voltage_smooth,...
134 switching_time_interp,’linear’);
135 %switching times will be calculated differently for On and
136 %Off switching
137 if ((switching_vol_interp(end)-switching_vol_interp(1))>0)
138 switching_type=0;
139 else
140 switching_type=1;
141 end
142
143 if (switching_type==1)
144 index_decision_90=switching_vol_interp>vol_90(1);
145 index_decision_10=switching_vol_interp>vol_10(1);
146 index_90=find(index_decision_90==0);
147 index_90=index_90(1);
148 index_10=find(index_decision_10==0);
149 index_10=index_10(1);
150 plot(switching_time_interp(index_90),...
151 switching_vol_interp(index_90),’ro’)
152 plot(switching_time_interp(index_10),...
153 switching_vol_interp(index_10),’ro’);
154 hold off;
155 switching_time=abs(switching_time_interp(index_90)-...
156 switching_time_interp(index_10));
157 fprintf...
158 (’The switching time for is: %.2e s\n’,...
159 switching_time);
160 elseif (switching_type==0)
161 index_decision_90=switching_vol_interp>vol_90(1);
162 index_decision_10=switching_vol_interp>vol_10(1);
163 index_90=find(index_decision_90==1);
164 index_90=index_90(1);
165 index_10=find(index_decision_10==1);
166 index_10=index_10(1);
167 plot(switching_time_interp(index_90),...
168 switching_vol_interp(index_90),’ro’)
169 plot(switching_time_interp(index_10),...
170 switching_vol_interp(index_10),’ro’);
171 hold off;
172 switching_time=abs(switching_time_interp(index_90)-...
173 switching_time_interp(index_10));
174 fprintf...
175 (’\nThe switching time for is: %.2e s\n’,...
176 switching_time);
177 end
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178 end
179 end
180 elseif col==3
181 fprintf(’\n Check column for photodiode voltage is correct\n’);
182 col_fun_gen=3;
183 col_pd=2;
184 vol_pd=data(:,col_pd);
185 vol_fun_gen=data(:,col_fun_gen);
186 subplot(2,1,1);plot(time,vol_fun_gen,’r’);
187 xlabel(’Time (s)’);ylabel(’Voltage (a. u.)’);
188 set(gcf,’color’,’w’);
189 subplot(2,1,2);
190 hold on;
191 plot(time,vol_pd,’k’);xlabel(’Time (s)’);
192 ylabel(’Voltage (a. u.)’);set(gcf,’color’,’w’);
193
194 threshold=input(’Please input the decision threshold level : ’);
195 threshold=threshold.*ones(row,1);
196 plot(time,threshold);hold off;
197
198 decision=vol_pd>=threshold(1);
199 shifted_decision=decision(2:end);
200 decision=decision(1:end-1);
201 tracer_matrix=decision+shifted_decision;
202
203 if row<1e6
204 figure_counter=figure_counter+1;figure(figure_counter);
205 plot(time(2:end),tracer_matrix,’ro’);
206 title(’Switching Identification’);
207 end
208
209 index=find(tracer_matrix==1);
210
211 %trimming out the very close indices
212 valid_index_count=0;
213 for j=1:length(index)-1
214 if abs(index(j)-index(j+1))<=(row/1000)
215 continue;
216 else
217 valid_index_count=valid_index_count+1;
218 valid_index(valid_index_count)=index(j);
219 end
220 end
221 valid_index(valid_index_count+1)=index(end);
222
223 %selecting the zones of switching using valid indices
224 range=floor(row/1000);
225 for k=1:length(valid_index)
226 switching_range=valid_index(k)-range:valid_index(k)+range;
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227 switching_time=time(switching_range);
228 switching_voltage=vol_pd(switching_range);
229
230 figure_counter=figure_counter+1;h=figure(figure_counter);
231 hold on;
232 plot(switching_time,switching_voltage,’k’);
233 xlabel(’Time (ms)’);
234 ylabel(’Voltage (a. u.)’);set(gcf,’color’,’w’);
235
236 %Calculating the switching speeds for all switching instances
237 choice=input(’Do you want to calculate switching time: ’);
238 if choice==1
239
240 %Identifying the time closest to t_10 and t_90...
241 %Since there is a lot of fluctuations in light intensity
242 %when cell is switching on with 1kHz voltages, as the cells
243 %response time is faster than 1ms, we need to filter out
244 %this high frequency signal. I will use Savitzky-Golay
245 %filtering with span 5 and polynomial 3 and on this filterd
246 %data I will perform interpolation to increase number of
247 %points in the switching regime to get accurate switching
248 %times.
249 switching_voltage_smooth=smooth...
250 (switching_time,switching_voltage,15,’sgolay’,3);
251 %3rd parametere can be incresed to make filtering better
252 plot(switching_time(1:end-1),...
253 switching_voltage_smooth(1:end-1),’r’);
254 %last point removed as filtering does not work for it
255 legend(’Actual Data’,’Low Pass Filtered’);
256 hold off
257
258 figure_counter=figure_counter+1;figure(figure_counter);
259 hold on
260 plot(switching_time(1:end-1),...
261 switching_voltage_smooth(1:end-1),’r’);
262 xlabel(’Time (ms)’);
263 ylabel(’Voltage (a. u.)’);set(gcf,’color’,’w’);
264 vol_low = input(’Please input the Low voltage: ’);
265 vol_high = input(’Please input the High voltage: ’);
266 vol_10 = (vol_low + ...
267 (vol_high - vol_low)/10).*ones(size(switching_time));
268 vol_90 = (vol_low + ...
269 (vol_high - vol_low)*9/10).*ones(size(switching_time));
270 plot(switching_time,vol_10,switching_time,vol_90);
271
272 %plotting the 10% and 90% lines on the parent figure
273 figure(h);
274 hold on
275 plot(switching_time,vol_10,switching_time,vol_90);
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276 hold off
277
278 %saving the swithing times to a fig file to later
279 %processing and making publication quality files
280 choice_saving=...
281 input(’Do you want to save the image as .fig file: ’);
282 file_name_fig=[’Switching_’ num2str(k) ’.fig’];
283 if choice_saving==1
284 savefig(h,file_name_fig);
285 end
286
287 switching_time_interp=linspace(switching_time(1),...
288 switching_time(end),10*length(switching_time));
289 switching_vol_interp=interp1(switching_time,...
290 switching_voltage_smooth,switching_time_interp,...
291 ’linear’);
292 %switching times will be calculated differently for On and
293 %Off switching
294 if ((switching_vol_interp(end)-switching_vol_interp(1))>0)
295 switching_type=0;
296 else
297 switching_type=1;
298 end
299
300 if (switching_type==1)
301 index_decision_90=switching_vol_interp>vol_90(1);
302 index_decision_10=switching_vol_interp>vol_10(1);
303 index_90=find(index_decision_90==0);
304 index_90=index_90(1);
305 index_10=find(index_decision_10==0);
306 index_10=index_10(1);
307 plot(switching_time_interp(index_90),...
308 switching_vol_interp(index_90),’ro’)
309 plot(switching_time_interp(index_10),...
310 switching_vol_interp(index_10),’ro’);
311 hold off;
312 switching_time=abs(switching_time_interp(index_90)-...
313 switching_time_interp(index_10));
314 fprintf(’The switching time is: %.2e s\n’,...
315 switching_time);
316 elseif (switching_type==0)
317 index_decision_90=switching_vol_interp>vol_90(1);
318 index_decision_10=switching_vol_interp>vol_10(1);
319 index_90=find(index_decision_90==1);
320 index_90=index_90(1);
321 index_10=find(index_decision_10==1);
322 index_10=index_10(1);
323 plot(switching_time_interp(index_90),...
324 switching_vol_interp(index_90),’ro’)
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325 plot(switching_time_interp(index_10),...
326 switching_vol_interp(index_10),’ro’);
327 hold off;
328 switching_time=abs(switching_time_interp(index_90)-...
329 switching_time_interp(index_10));
330 fprintf(’\nThe switching time is: %.2e s\n’, ...
331 switching_time);
332 end
333 end
334 end
335 else
336 fprintf(’\nIncorrect Data File\n’);
337 return;
338 end
339 pause();
340 close all;
341 end
C
Chemical Structures
This appendix presents the chemical structures of the various liquid crystals,
chiral dopants, monomers, cross-linkers and photo-initiator used in this thesis.
Fig. C.1.Chemical struc-
ture of liquid crystal 5CB.
Fig. C.2.Chemical structure of
liquid crystal mixture JC1041-XX.
Fig. C.3.Chemical structure
of the chiral dopant ZLI4572.
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Fig. C.4.Chemical structure of
cross-linker RM257.
Fig. C.5.Chemical structure of
monomer EHA.
Fig. C.6.Chemical structure of
chiral dopant R5011.
Fig. C.7.Chemical structure of
monomer TMPTA.
Fig. C.8.Chemical structure of
photo-initiator DMPAP.
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Fig. C.9.Chemical structure
of the bimesogenic molecule.
Fig. C.10.Chemical struc-
ture of dendron molecule.


